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ABSTRACT 
The concentration of phytate, a mixed cation salt of phytic acid (myo-inositol 1,2,3,4,5,6-
hexakisph:osphate ), is an important consideration when analyzing grain for livestock feed 
rations. A discovery that SSR markers Satt237 and Satt561 are associated with 
quantitative trait loci (QTL) for phytate content in soybean [Glycine max (L.) Merr] has 
been made recently. The objectives of this study were to 1) confirm those QTL in 
independent segregating soybean populations, 2) compare the effectiveness of marker 
. assisted selection (MAS) or dual MAS and phenotypic selection for seed phytate and 
. protein concentration in soybean, and 3) assess the agronomic and seed quality traits of 
low phytate soybean in a recombinant inbred line (RIL) population. Satt23 7 and Satt561 
were found to be significantly associated with QTL for seed phytate (p <.0001). Satt237 
was considered a major QTL (R2 > 0.10) governing the low phytate trait, and Satt561 was 
considered a minor QTL (R2 < 0.10) in two RIL populations (5601T x Cx1834-1-2 and 
S97-1688 x Cx1834-1-2). Although MAS selection with either or both SSR markers was 
effective in lowering the mean phytate levels in the selected progeny groups, phenotypic 
selectiQn was found to be more cost efficient and effective in lowering mean phytate 
levels. This study found four QTL significantly associated with SSR markers for seed 
protein concentration in the RIL population ofDanbaekkong x Cx1834-1-2. Markers 
Satt429 and Satt239 were found to be minor loci controlling protein concentration (R2 = 
5.2 % and 7.1 %), respectively. Markers Satt441 and Satt561 were found to be major loci 
controlling protein concentration (R2 = 10.1 % and 14.5 %), respectively. This study also 
found five QTL significantly associated with inorganic phosphorus (Pi) seed 
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concentration in that population. Markers Satt385, Sattt239, Satt441, and Satt561 were 
all found to be major loci controlling Pi seed concentration (R2 = 21.2 %, 23.1 %, 24.6 %, 
and 11.8 %), respectively. Marker Satt231 was found to be a minor locus controlling Pi 
seed concentration (R2 = 5.1 %). Dual marker assisted selection for seed protein and 
phytate concentration is not recommended in the Danbaekkong x Cx 1834-1-2 population 
because of the inability of molecular data to predict the superior phenotype (low phytate, 
high protein) for both traits simultaneously. The heritability estimate for Pi was high (h2 
= 0.92), which indicates that selecting RIL with varying Pi phenotypes is readily 
accomplished in the 5601T x Cx1834-1-2 population. We found low correlations 
between seed Pi concentration and maturity, height, lodging, seed yield, and seed protein 
and oil concentration (r = 0.07, 0.26, 0.09, 0.05, 0.18, and 0.17, respectively). A 
sufficiently large population size will overcome these weak correlations and readily 
enable breeders to select superior progeny in RIL populations targeting the development 
of low phytate seed. RIL 56Cx-332 had the highest Pi concentration (3122 µg g-1), a 
moderate seed yield (79% of check cultivar '5002T'), and favorable protein and oil 
concentrations of 442 g kg-1 and 180 g kg-1, respectively. The RIL 56Cx-318 was the 
highest yielding low phytate line in this population. This line had normal protein and oil 
concentrations, and a seed yield of2976 kg ha-1 (91% of check cultivar '5601T'). These 
data indicate that breeding with lines low in phytate concentration should not have major 
detrimental effects on seed yield and other agronomic and seed quality traits, but 
population size must be adequate for selection techniques to identify superior progeny 
which combine desirable traits. 
V 
TABLE OF CONTENTS 
PARTl 
Introduction ........................................................................................ 1 
References ------------------------------------------------------------ --------------- 6 
PART2 
Literature Review ------------------------- --------------------------------------------- 8 
References ------------------------... -------------------------------------------------------- 18 
PART3 
Confirmation of SSR Molecular Markers Associated with 
Seed Phytate QTL, and their Effectiveness for use in 
Marker Assisted Selection -----------------------------------------------------------------24 
Abstract ---- --------------------------------------------------------------------------- 2 5 
Introduction ---- ------------------------------------------- ------- 26 
Materials and Methods ------------------------------------------------------------------ 2 7 
Results and Discussion---------------------------------------------- ------ 32 
References -------------------------------------------------------------------------------- 4 3 
PART4 
Effectiveness of Dual Marker Assisted Selection for Soybean 
Seed Phytate and Protein Concentration -----------------------------------------------45 
Abstract --------------------- ----------------------------------------- - 46 
Introduction -- ------------- --------------- - --------- 47 
Materials and Methods ------------ ------------------------------ ----- 48 
Results and Discussion------------- --------------------------------- -------- 53 
References --------------------- --------------------------- ---------- - 60 
PARTS 
Soybean Low Phytate Population Development: Agronomic 
Performance and Phenotypic Correlations Among Traits --------------------------62 
Abstract --- ---------------- ---------------------- -------- 63 
Introduction ------- ------------------------------------ 64 
Materials and Methods ------------------------------------------------------------------ 65 
Results and Discussion------------------------------------------------------------------ 69 
References ------ --- --- -------------------- ---- 78 
PART6 
Conclusion and Future Research ----------------------------- -------- 80 
Vita ............................................................................................ 84 
VI 
LIST OF TABLES 
Table 1. 1: Soybean Area, Yield, and Production ................................................. 2 
Table 3.1: Analysis of variance for soybean seed Pi from 187 RIL of 
5601T x Cx1834-1-2 grown in 2004 at three environments 
with three replications ............................................. ..................... 34 
Table 3.2: Quantitative trait loci for seed Pi concentration in 187 
RIL of 5601 T x Cx1834-1-2 grown in 2004 at three 
environments with three replications, using single factor 
analysis of variance ..................................................................... 3 5 
Table 3.3: Quantitative trait loci for seed Pi concentration in 186 
RIL of S97-1688 x Cx1834-1-2 grown in 2004 at Knoxville, 
TN, using single factor analysis of variance ........................................ 36 
Table 3.4: Efficiency of MAS, as the percent of progeny RIL 
which were positively identified as low phytate lines 
using SSR markers Satt237 and Satt561, in two soybean 
populations and combined ............................................................ 42 
Table 4.1: Simple statistics for 138 RIL seed protein and Pi 
concentration in the population Danbaekkong x Cx 1834-1-2 .................... 54 
Table 4.2: Quantitative trait loci for protein and Pi seed concentrations 
in 138 RIL from the cross Danbaekkong x Cx1834-1-2 using 
single factor analysis of variance ..................................................... 56 
Table 4.3: Allelic inheritance of upper and lower 5% ofRIL for 
significant SSR marker associated with QTL for protein 
concentration in the population Danbaekkong x Cx1834-1-2 
grown in 2004 ........................................................................... 5 8 
Table 4.4: Allelic inheritance of upper and lower 5% ofRIL for 
significant SSR marker associated with QTL for Pi concentration 
in the population Danbaekkong x Cx1834-1-2 grown in 2004 ................... 59 
Table 5 .1: Descriptive statistics for agronomic and seed quality traits in 
187 RIL from the cross 5601T x Cx1834-1-2, averaged over 
3 replications and 3 environments in 2004 .......................................... 70 
Vll 
Table 5.2: Correlation analysis for soybean seed Pi and various soil characteristics in 
field blocks ............................................................................... 71 
Table 5.3: Phenotypic correlation coefficients among agronomic and 
seed quality traits in 187 RIL from the cross 5601T x Cx1834-1-2, 
grown in 3 replications and 3 environments in 2004 ............................... 7 4 
Table 5.4: Agronomic and seed quality traits for a 5% selection 
intensity (high Pi and seed yield) of 187 RIL, and check 
cultivars, from the cross 5601T x Cx1834-l-2, averaged 
over 3 replications and 3 environments in 2004 .................................... 77 
viii 
LIST OF FIGURES 
Figure 3.1: Scatter plot and linear regression for seed phytate 
and Pi concentrations of 85 RIL from the cross 
5601T x Cx1834-1-2 ................................................................. 33 
Figure 3.2: Standard curve used for spectrophotometric determination of Pi 
concentration ......................................................................... 34 
Figure 3.3: Mean soybean seed Pi concentration for all possible 
genotypic classes, based on SSR markers Satt237 and Satt561, 
for 187 F s derived RIL grown in three environments in 2004 
from the 5601T x Cx1834-1-2 population ........................................ 37 
Figure 3.4: Mean soybean seed Pi concentration for all possible 
genotypic classes, based on SSR markers Satt237 and Satt561, 
for 186 F5 derived RIL grown in 2004 from the S97-1688 x Cx1834-1-2 
population ............................................................................. 3 7 
Figure 3.5: Frequency of individuals associated with all possible 
genotypic groups related to SSR markers Satt237 and Satt561, 
in the 5601T x Cx1834-1-2 population ............................................ 39 
Figure 3 .6: Frequency of individuals associated with all possible 
genotypic groups related to SSR markers Satt23 7 and Satt56 l, 
in the S97-1688 x Cx1834-1-2 population ........................................ 39 
Figure 3. 7: Frequency distribution of progeny for soybean seed Pi 
concentration, averaged over three replications and three 
locations, for 187 RIL in the 5601T x Cx1834-1-2 population 
grown in 2004 ......................................................................... 40 
Figure 3.8: Frequency distribution of 186 RIL progeny for soybean 
seed Pi concentration in the S97-1688 x Cxl834-1-2 
population grown in 2004 ........................................ .' .................. 40 
Figure 4.1: Frequency distribution of 138 RIL seed protein concentration 
in the population Danbaekkong x Cx1834-1-2 ................................... 55 
Figure 4.2: Frequency distribution of 138 RIL seed Pi concentration 
in the Danbaekkong x Cx1834-1-2 population ................................... 55 
IX 
Figure 5 .1: Frequency distribution for seed oil concentration in 187 RIL 
from the cross 5601 T x Cx 1834-1-2, averaged over 3 replications 
and 3 environments in 2004 ......................................................... 72 
Figure 5 .2: Frequency distribution for seed protein concentration in 
187 RIL from the cross 5601T x Cx1834-1-2, averaged 
over 3 replications and 3 environments in 2004 .................................. 72 
Figure 5 .3: Frequency distribution for seed yield in 187 RIL from 
the cross 5601T x Cx1834-l-2, averaged over 3 replications 
and 3 environments in 2004 ......................................................... 73 
. Figure 5.4: Relationship between seed protein and oil concentration 
in 187 RIL from the cross 5601T x Cx1834-l-2, averaged 
over 3 replications and 3 environments in 2004 .................................. 7 5 
Figure 5 .5: Relationship between seed Pi concentration and seed yield in 
187 RIL from the cross 5601T x Cx1834-l-2, averaged 
over 3 replications and 3 environments in 2004 ................................. 76 
X 
PARTl 
Introduction 
1 
Soybean [Glycine max (L.) Merr.] is a major source for consumable vegetable protein 
and oil for hm;nans and livestock throughout the world. The origin of soybean is believed 
to be in what is present day eastern Asia and China (Hymowitz and Singh, 1987). The 
domestication of soybean began in eastern Asia and spread to North America during the 
17th century where it was used mainly as a forage crop until the 1930's, when it began 
being harvested for grain (Poehlman and Sleper, 1995). Soybean seed usually contains 
approximately 40% protein, 20% oil, and 35% carbohydrates. The soybean crop is one 
of the highest yielding protein crops per hectare of land, generally accounting for 63% of 
high protein meal and 28% percent of the total edible oil supply worldwide (Rao et al., 
2002). Soybean meal is an important source of protein for humans, ruminant, and non­
ruminant animals such as swine, poultry, and fish. Soybean meal is primarily used for 
livestock feed, and the oil is consumed by humans and used for industrial processes. 
Table 1 shbws the world soybean area, yield, and production for 2003-2004, 2004-2005, 
and projections as of July 2005 for 2005-2006. The United States will produce 
approximately 78 million metric tons of soybeans during the 2005-2006 growing seasons. 
Table 1.1: Soybean Area, Yield, and Production 
Area {million ha} Yield {mt/ha} Production {million mt} 
Region 03/04 04/05 05/06 03/04 04/05 05/06 03/04 04/05 05/06 
World 88 92 92 2.1 2.3 2.3 186 214 219 
USA 29 29 29 2.3 2.8 2.6 66 85 78 
Brazil 21 22 23 2.3 2.2 2.7 50 51 62 
Argentina 14 14 14 2.3 2.7 2.6 33 39 39 
China 9 9 9 1.6 1.8 1.7 15 18 17 
Source: Production Estimates and Crop Assessment Division, FAS, USDA (July 
2005) 
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Seed yield and seed composition of grain crops have been major areas of study for plant 
breeders for decades. Both classical plant breeding and modem molecular techniques 
have been used to enhance desirable traits in all crop species, including soybean. The 
modification of desirable traits can result in superior crop cultivars for farmers, 
producers, and consumers (Mazur et al., 1999). One trait that has earned considerable 
attention in the last ten years is the phenotype of grain seeds that produces low amounts 
of the phosphorous storage molecule phytate, a molecule which binds phosphorus and 
other mineral nutrients into an unavailable form for non-ruminant animals. 
Most grain and legume seeds contain phosphorus largely in the form of phytate, a mixed 
cation salt of phytic acid [ myo-inositol- l ,2,3,4,5,6,-hexaphosphate ]. The phytate is 
stored in the cotyledons of the legume and in the endosperms of the grains. The 
biosynthetic pathway of phytic acid is not well known. The phytic acid precursor, myo­
inositol-1-phosphate, is synthesized either by cyclization of glucose-6-phosphate or by 
phosphorylation of free myo-inositol. Phytate may then be transported by Golgi-derived 
vesicles to the vacuoles or developing protein bodies in the same manner as storage 
proteins are transported (Buchanan et al., 2000). 
Phytate can represent several percentages of the total seed dry weight, and 65 to 85% of 
the total seed phosphorous. Phytic acid, when translocated to seeds by plants, is stored as 
a mixed phytate or a phytin salt of potassium and magnesium (Raboy, 2002). The 
phytate level in seeds is an important nutritional consideration because phytic acid 
chelates mineral nutrients when consumed by non-ruminant animals. This chelating 
3 
, 
action binds the phytic acid with positively charged cations, which then precipitate as 
various salts. Chelation also reduces the availability of the nutritionally important 
mineral cations such as calcium, iron, magnesium, and zinc to the organism consuming a 
high phytic acid food source. 
The salts that are formed by phytic acid can also become a major problem when secreted 
in manures by poultry and swine. The phosphorous bound in phytic salts will break 
down into inorganic forms in the environment because of microbial enzymatic reactions. 
That phosphorous can leach into ground water or freshwater ponds, streams, and bays, 
where it can cause eutrophication and harm valuable ecosystems. Eutrophication causes 
an increase in algal blooms, which in tum decreases available oxygen concentration in 
the water and makes an unsuitable environment for larger organisms to survive (Daniel et 
al., 1994; Leske and Coon, 1999). 
Swine and poultry diets can be supplemented with an enzyme called phytase, which is 
responsible for the stepwise dephosphorylation of phytate and subsequently releases 
valuable mineral nutrients. The feed can also be supplemented with another source of 
phosphorous to meet the animal's nutritional needs. 
Breeding of agricultural crops for a lower level of phytic acid will help improve nutrient 
availability in feed and reduce phytate salts secreted in manures, thereby providing an 
environmentally friendly approach to improving water quality in agricultural regions 
while enhancing livestock production. The first crops that were found with low-phytic 
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acid gene mutations were the cereal grains maize (Zea mays), barley (Hordeum vulgare), 
and rice (Oryza sativa). Breeding with those lines has proven viable to produce low­
phytic acid seed. The seeds produced by these lines have the normal amount of total seed 
phosphorous, but the phosphorous in the form of phytate is greatly reduced. "These 
mutations, therefore, do not affect the ability of a plant to take phosphorous and transport 
it to a developing seed. Instead, low-phytic acid mutations block the ability of a seed to 
synthesize phosphorous into phytic acid" (Raboy, 2002). The reduction of seed phytic 
acid phosphorous was generally 50 to 95% compared to normal cultivars. Normal seeds 
have low levels of inorganic phosphorous (Pi) at maturity, usually< 0.5mg of phosphorus 
(P)/g, in contrast the low-phytic acid seeds have an inorganic phosphorous level of> 1mg 
of P/g. This phenotypic trait makes it easy and relatively inexpensive to distinguish this 
mutation (Raboy, 2002). 
Hence, plant breeders could utilize measurement of inorganic phosphorous as one 
potential method of screening populations to detect low phytate individuals. It is likely 
that plant breeders will focus considerable attention on this trait over the next decade, 
since federal regulations regarding phosphorous loads of surface waters are currently 
receiving major attention. At present, no soybean cultivars exist which express low 
phytate. The USDA has developed the line Cx1834-1-2, which expresses the low-phytate 
trait. This line would serve as an excellent germplasm parent to transfer the genes 
controlling phytate to agronomically productive lines to develop a new low-phytate 
soybean cultivar. Before breeders embark on this mission, it will be important for them 
5 
to acquire knowledge to guide them in developing selection strategies to optimize genetic 
gam. 
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PART 2 
Literature Review 
-·� 
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The ability to use marker-assisted selective breeding is almost endless with respect to the 
desired phenotypic trait. One phenotypic trait that has not been extensively studied on a 
marker assisted slection (MAS) basis in soybean is seed phytate concentration. Low­
phytate mutations were first isolated in the cereal grains corn, barley, and rice (Raboy, 
2002). Livestock feed is often a mixture of cereal grains with soybean meal, so 
development of a low-phytate soybean cultivar would also be important. Wilcox et al. 
(2000) developed a study to isolate a high inorganic phosphorous (P), low-phytate 
soybean mutant using ethyl methanesulfonate. M2 through M6 plants were screened for 
high inorganic P and seeds from M2 plants high in inorganic P produced high inorganic P 
throughout the M6 generation. Progenies from two different M6 plants: one averaged 
6.84g ki 1 of seed phytic acid with inorganic P varying from 2.34 to 4.4 l g  kg- 1 , and the 
other averaged 10.89g kg- 1 of seed phytic acid with inorganic P varying from 1.21 to 
3.84g ki 1 , respectively. This compares to the non-mutant check cultivar 'Athow' which 
had 15.33g ki 1 of seed phytic acid with an average of 0.74g kg- 1 of inorganic P. 
Hitz et al (2002) showed that a single recessive base change mutation in soybean, at the 
third base codon of what is amino acid residue 396, changed lysine to asparagine, 
decreasing the specific activity of the seed-expressed myo-inositol 1-phosphate synthase 
by about 90%. 
Oltmans et al. (2004) found that the inheritance of the low-phytate (LP) trait was 
controlled by two independent recessive alleles designated phal and pha2 which 
exhibited duplicate dominant epistasis. This was confirmed by fitting the expected 
9 
segregation ratios for F 2 seeds and F 2 derived lines to the phenotypic scores associated 
with normal and low-phytate soybean. 
Hulke et al. (2004) studied the effects of low-phytate and low-palmitate soybean lines on 
agronomic and seed characteristics. They showed that LP lines had a mean seedling 
emergence 22.3 units less than normal phytate (NP) lines and mean yield was not 
significantly different between LP and NP lines. The noticeable reduction in seedling 
emergence was first indicated by Meis et al. (2003 ). Hulke et al. (2004) also found there 
was no significant difference between LP and NP soybean lines for other traits including 
maturity, lodging, plant height, and protein and oil concentration. Oltmans et al. (2005) 
also confirmed the results of LP soybean lines having a mean seedling emergence of 45% 
compared to NP soybean lines with a seedling emergence of 68%. The mean difference 
between LP and NP for the other agronomic and seed traits measured was not significant 
in one or more of the populations tested. 
Walker et al. (in press) was the first to map quantitative trait loci (QTL) associated with 
the low-phytate trait in soybean. This research showed that a locus on linkage group 
(LG) N near Satt237 explained 41 % of the variation in seed Pi concentration. They also 
found another locus on LG L near Satt527 and Satt56 l which accounted for up to 11 % of 
the variation in seed Pi concentration. Satt237 and Satt561 are the molecular markers 
associated with phytate QTL that will be used for MAS in this project. 
10 
· Goihl (2001) summarized the data collected from researchers at the USDA Small Grains 
Germplasm Research Facility, and at Pioneer Hi-Bred International on using a low­
phytate com supplement in swine feed. The study was done to increase available P and 
determine if a decrease in phytate content in low-phytate com would decrease the 
nutritional value of the feed. Thirty-five crossbred barrows (42 days old), averaging 
14.5kg in initial weight, were allotted 5 feed treatments in a completely randomized 
design for 35 days. The feed treatments {TRT) included: TRT 1 = normal feed com/whey 
protein/blood cells, TR T2 = low-phytate com/whey protein/blood cells, TRT3 = normal 
com/whey protein/blood cells/.37% monosodium phosphate, TRT4 = normal 
com/soybean meal, and TRT5 = low-phytate com/soybean meal. Results showed that 
pigs fed TRT4 and TRT5 were similar for the growth performance criteria measured, as 
with TRTl ,  TRT2, and TRT3. Phosphorous absorption (g day- 1 ) and retention (% intake) 
were similar for pigs fed TRT4 and TRT5, but phosphorous excretion was higher in pigs 
fed TRT4 compared to TRT5. Calcium absorption (g day- 1) and retention (% intake) was 
lower for pigs fed TRTI than for TRT2 and TRT3, but it was similar when comparing 
TRT4 and TRT5. That research showed that lowering the phytate concentrations of com 
did not have any adverse effects on the nutritional value of the feed, and the low-phytate 
feed had up to five times more available P than normal feed. That research also showed 
that P excretion was significantly reduced when pigs were fed the low-phytate corn. The 
author also predicted that a low-phytate soybean meal incorporated into low-phytate com 
meals could give even better results and diminish the need for phytase, or other P feed 
additives, as well as diminish P excretion in non-ruminant waste. 
11 
Feed for non-ruminant animals are supplemented with both phytase, the enzyme 
responsible for the dephosphorylation of phytate, and inorganic phosphates to increase 
the bioavailability for animals (Adeola et al. 1995; Lei and Porres 2003). The low­
phytate soybean lines decrease the amount of additional supplements added to feed 
rations, allowed swine and chicks to absorb significantly more P, and also decrease the 
amount of unconsumed P in fecal matter (Spencer et al., 2000; Cromwell, 2000) 
In recent years DNA markers have been used to improve narrow-sense heritability 
througl;l a process called marker-assisted selection. Researchers determine which 
mole.cul.� genetic markers are present in individuals that have the best phenotypes, and 
eve��  i�entify DNA marker loci that are tightly linked to genes that govern the 
expressi<?!1 of a quantitative trait. Thus, rather than selecting for a measured trait per se, 
breeders can select those individuals that carry the DNA markers coupled to favorable 
allele� ,f Qr advancement. Genes that influence the expression of a quantitative trait are . l ., 
referred to as quantitative trait loci (QTL ). The principle underlying the identification of 
QTL l;>y)�nkage is the scoring of individuals' DNA for their genotype at the marker locus 
and measur�ment of their phenotype for the quantitative trait. If there is a statistically 
significant difference in mean phenotype between marker genotype classes, then we can 
infer the presence of a QTL linked to the marker (Falconer, 1996). 
Genetic ·markers used in QTL detection have thus far primarily included restriction 
fragment length polymorphisms (RFLP) and microsatellite or simple sequence repeat 
(SSR) markers. Although much advancement in selective breeding and QTL mapping 
12 
has been accomplished using RFLP markers, SSR markers are highly abundant and 
polymorphic, and their detection using PCR allows linkage maps to be constructed more 
efficiently and more rapidly than with RFLP markers. 
RFLP markers were used by Diers et al. (1992) for the analysis and linkage of oil and 
protein concentrations in a cross between two parents (AS l-356022 and PI468916), 
which had different RFLP alleles. This population of 60 F 2:3 individuals were used to 
map a total of 252 RFLP markers, which formed 31 molecular linkage groups. Within 
linkage groups A and K, they found markers that could be significantly linked to protein 
and oil content. These markers were shown to account for almost 44% of the combined 
total expression for these two traits. Their data also showed that a negative correlation 
exists between protein and oil, thus selection for one QTL could influence another. 
Brummer et al ( 1997) used eight populations, grown over a three year time period, in 
multiple locations and environments, to detect QTL associated with protein and oil 
content. Two hundred and fifty RFLP markers were screened with all populations for 
polymorphisms. Only fifteen percent of markers were found to be polymorphic over four 
or more populations. They identified two classes of QTL: a) those that are 
environmentally stable and thus detectable in most years and locations, and b) those that 
are environmentally sensitive and detected only sporadically. They found RFLP markers 
associated with stable QTL for oil content on seven linkage groups, and on nine linkage 
groups for protein content, with no single population having more than three stable QTL. 
They also found 10 QTL for oil content and 13 QTL for protein content that were only 
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. significant in one or two of the three years, thus considered unstable. Their results 
showed that some of the QTL that they detected supported those found in the research by 
Diers et al. (1992) and Mansur et al. (1993). Thus, some QTL are stable across multiple 
genetic backgrounds and may have valuable breeding applications. 
Oil and protein are two of the most highly studied traits in soybean research, but 
agronomic traits have also been studied at great length. One of the most complex traits is 
seed yield because of the laborious nature of the assay, and the many physiological 
processes that govern yield may have an abundance of underlying genetic variables. The 
objective of Orf et al ( 1999) was to identify the QTL, and the interactions between such 
QTL, that control seed yield using both RFLP and SSR markers. They used two 
populations of RIL derived from crosses Minsoy x Archer and Noir 1 x Archer. In that 
study they identified two significant stable interacting yield QTL, and two significant 
unstable yield QTL. The loci found be stable (not environmentally specific) are located 
on linkage groups (LG) U3 and U9. The loci found to be unstable ( environmentally 
specific) located on LG Ul4, have also been associated with effects on plant height, seed 
weight, and maturity. However they also reported that there was no correlation between 
yield and plant height or yield and maturity. The second part of the study done by Orf et 
al. (1999) used three RIL populations to identify and map QTL for a variety of agronomic 
traits in soybean including: plant height, lodging, maturity, protein and oil content, and 
flower date. These populations were derived from crosses ofMinsoy x Noir 1, Noir I x  
Archer, and Archer x Minsoy, and screened with more than 400 SSR and RFLP markers. 
They found significant QTL associated with 17 of the 20 linkage groups, and found that 
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many desirable agronomic traits were found on LG U9, Ul 1, and U14. Of the significant 
QTL found, only twelve were found in all three populations, showing that these are 
considered stable QTL and that further QTL research is needed. 
Cregan et al. ( 1999) showed that the use of SSR markers was more suitable for QTL 
analysis than RFLP markers because of the highly polymorphic nature of SSR markers 
through the entire genome. They developed a total of 606 SSR markers for use in PCR 
reactions and QTL analysis, and used three populations that have been used for RFLP 
marker QTL analysis which include: USDA/Iowa State G. max x G. soja F2 population, 
the Univ. of Utah Minsoy x Noir 1 recombinant inbred population, and the Univ. of 
Nebraska Clark' x Harosoy F2 population. The mapping of these markers, with these 
three populations, gave a combined map with 20 consensus LG' s that directly correspond 
to the 20 pairs of homologous chromosomes in soybean. This map has been updated in 
2003 to include a total .of 1010 SSR markers, 718 RFLP markers, and 73 RAPD markers. 
Of the 414 new SSR markers, 200 of them were developed in collaboration with the 
Monsanto Co., and between 12 and 29 new markers were added to all 20 LG's, with 90 
markers located at 30 of the 36 gaps of 20cM or more. The DNA sequence of all markers 
is currently available to soybean geneticists (Soybase ). 
Chung et al. (2003) studied the interactions and correlations between seed oil content, 
protein content, and yield. They used 7 6 F 5 derived RIL' s, from a cross between 
'PI437088A' and 'Asgrow A3733' that were grown in six irrigation treatments for two 
years. Progeny were screened with 329 RAPD m�kers and 103 SSR markers. They 
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fo und o ne pa rt icular QTL tha t  wa s sig nifi can t fo r  seed p ro tein a nd o il co ntent a nd y iel d  
lo ca ted o n  LG I. Th ere wa s a difference in carbo n units (a nd/o r energy units) o f 0.4 
betw een two different lo ci exp ressio n, a nd th e additiv e  effects o f th e h igh er p ro tein 
cul tiv ar 'PI437088A ' w ere al so show n in th e p rog eny. Th ey show ed th at p ro tein co ntent 
may be abl e to be increa sed w itho ut comp rom ising a cul ti va r' s y iel d po tential. Th is can 
be a useful tool fo r  sel ecting desirabl e m ark ers fo r  screening wh en apply ing ma rk er­
a ssisted sel ectio n  to a breeding p rog ram. 
Th ere are ma ny different MAS tech niq ues used in crop imp rov em ent. Th e aim is to 
m ax im iz e  th e effi ciency o f sel ectio n  o f  sup erio r  p rog eny, w ith in a g iv en pop ula tio n, in a 
co st effectiv e a nd tim ely man ner. O nce th e asso cia tio n  betw een a QTL a nd a g iv en 
ma rk er h as been establ ish ed, th e m ark ers can be used to enha nce th e p redictio n o f g enetic 
v al ues (Mo rea u et al., 2000). La ude and Thomp so n  (1990) p ropo sed a m etho d o f  MAS 
wh ich based th e sel ectio n o f  indiv idual s o n  an index tha t  combines ph enotyp ic a nd 
mol ecular v al ue p redicted w ith QTL a sso ciated ma rk ers. Th e m etho d described by 
L aude and Thomp so n  (1990), and rev ised by Lang e  a nd Wh it tak er (200 1), h as no t been 
w idely impl em ented in exp erim ents co ncern ing the effi ciency o f  MAS beca use o f  th e 
rel ativ ely exp ensiv e  co st o f MAS (Mo rea u et al . 2000). Th e effi ciency o f  MAS h as been 
show n to be p rom ising wh en compa red to ph eno typ ic sel ectio n by using pop ula tio ns 
deriv ed from inbred l ines in va rio us studies incl uding La ude a nd Thomp so n  ( 1990), L uo 
et al. (1997), a nd Mo rea u et al. (1998). Th ere hav e al so been a few sim ula ted th eo retical 
studies th at p redict th e effi ciency o f MAS a s a v iabl e tool fo r  pla nt breeders, wh ich 
incl ude Zh ang a nd Sm ith (1993), G im elfa rb a nd La nde ( 1994,1995), Wh itak er et al. 
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(1 997), and Knapp ( 1 998). Moreau et al. (2000) also found that when the cost of 
genotyping is relatively high, MAS is most efficient when the trait of interest has a low 
heritability, and the highest genotyping cost that may be acceptable for a MAS technique 
is dependent on the heritability of the trait of interest and the given values of investment. 
MAS backcrossing can also be a useful tool for incorporating trans-genes and marker­
QTL associated with a desirable trait into new genetic backgrounds. This has been 
demonstrated by Walker et al. (2002) when combining QTL associated with resistance to 
lepidopteran pests, and the trans-gene cry 1 Ac. This technique is also currently being 
used by many soybean breeders to incorporate the Round Up® resistance gene into the 
current high yielding lines (Pantalone, personal communication). 
Currently, there are many conflicting results concerning the association of QTL with a 
given trait, and the viability of those QTL in different genetic populations. Fasoula et al. 
(2004) found they could confirm two of the four previously described QTL for seed 
protein, two of three QTL for seed oil content, and none of three QTL for seed weight. In 
another population they could not confirm any of three QTL for seed oil content, but did 
confirm two of three QTL for seed weight in the same population. This study, and others 
including Boerma and Mian ( 1999), show the need for validation of QTL in �ifferent 
genetic pools other than the original mapping population. 
Hoeck et al. (2003) showed that MAS efficiency is relative to the cost of genotyping and 
phenotyping and that phenotypic selection for seed size in soybean would probably be 
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preferred, although all methods described (MAS, phenotyping, and index selection) were 
' more efficient than random selection. Prabhu et al. (1999) also found that MAS for dual 
resistance to sudden death syndrome (SOS) and soybean cyst nematode (SCN) was a 
viable source for improving selection techniques when comparing population mean 
scores for SCN index of parasitism and mean SOS after MAS. · 
The objectives of this project are to i) provide proof-of-concept of the effectiveness of 
·. ': marker assisted selection (MAS) for low-phytate. This will be accomplished in two 
· . : · recombinant inbred line (RIL) populations, 5601T x Cx1834-1 -2 and S97-1688 x 
• • • i Cxl834-1-2, to document the effectiveness in different genetic backgrounds. ii) extend 
· · · the concept of MAS to multi-trait selection by determining the effectiveness of dual MAS 
for low-phytate and higher protein in a population of RIL formed from the cross 
Danbaekkong x Cx1834- l-2. iii) estimate heritability and phenotypic correlations 
·between phytate levels and agronomic and seed quality traits to· guide breeders toward 
· · achieving genetic gains for development of low-phytate cultivars. 
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PART 3 
Confirmation of SSR Molecular Markers Associated with Seed 
Phytate QTL and their Effectiveness for use in Marker 
Assisted Selection 
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Abstract 
The concentration of phytate, a mixed cation salt of phytic acid (myo-inositol 1,2,3,4,5,6-
hexakisphosphate ), is an important consideration when analyzing grain for livestock feed 
rations. A discovery that SSR markers Satt237 and Satt561 are associated with 
quantitative trait loci (QTL) for phytate content in soybean [Glycine max (L.) Merr.] has 
been made recently. The objectives of this study are to confirm these QTL in 
independent segregating soybean populations, and compare the effectiveness of marker 
assisted selection (MAS) and phenotypic selection for low phytate in soybean. The low 
phytate soybean mutant, Cxl834-l-2, was crossed with a high yielding maturity group 
(MG) V cultivar, '5601T' to form one population, and a second population was 
developed by crossing Cxl834-l-2 with a competitive yielding MG V line, S97-1688, 
which exhibits broad soybean cyst nematode resistance. F s derived recombinant inbred 
lines (RIL) were developed from these two crosses for field and molecular analyses. 
Single factor analysis of variance and multiple regression were used to confirm QTL 
associated with the SSR markers. Satt237 and Satt561 were found to be significantly 
associated with QTL for seed phytate (p < 0.0001). Satt237 was considered a major QTL 
(R2 > 0.10) governing the low phytate trait, and Satt561 was considered a minor QTL (R2 
< 0.10) in both populations. Although MAS selection with either or both SSR markers 
was effective in lowering the mean phytate levels in the selected progeny groups, 
phenotypic selection was found to be more cost efficient and effective in lowering mean 
phytate levels in selected progeny groups. 
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Introduction 
The concentration of phytate, a mixed cation salt of phytic acid (myo-inositol l,2,3,4,5,6-
hexakisphosphate ), is an important consideration when analyzing grain for livestock feed 
rations. The phosphorus found in phytate is mostly unavailable to monogastric animals 
such as humans, poultry, swine, and fish (Erdman, 1979), and binds valuable mineral 
nutrients including calcium, magnesium, iron, potassium, and zinc into an unavailable 
form (Raboy, 2002). Currently, feed rations for non-ruminant animals include either 
phytase, an enzyme responsible for the dephosphorylation of phytate {Lei and Porres, 
2003), or inorganic phosphorus (Pi) supplements. The �anure from swine and poultry 
production, when land applied, provides non-point source Pi contamination of ground 
water or freshwater ponds, streams, and bays. Such contamination can cause 
eutrophication fn these ecosystems, which promotes algal bloom production and reduces 
available oxygen for macro organisms (Daniel et al., 1994; Ertl et al., 1998). Therefore, 
the development of soybean cultivars which are lower in the allocation of phosphorus 
into phytlc acid may help provide more mineral nutrients to growing monogastric animals 
without the addition of phytase or phosphate supplements, while at the same time saving 
valuable ecosystems inundated with non-point source Pi pollution. 
Wilcox et al. (2000) successfully developed mutant soybean lines with -1.9 g kg- 1 of 
phytate P and - 3.1 g ki1 of Pi; compared to normal conventional soybean cultivars 
which had - 4.3 g kg- 1 of phytate P and - 0.7 g kg- 1 of Pi. Cxl834-1-2 was one of the 
lines developed by Wilcox et al. (2000), which were used as the low phytate male donor 
parent in the populations developed by the University of Tennessee. 
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Walker at al. (in press) found two SSR marker loci associated with QTL for seed phytate 
content in soybean [Glycine max (L.) Merr.]. Satt237 was found to be a major locus 
associated with QTL for phytate, and Satt561 was found to be a minor locus. These two 
SSR markers were used in our study to confirm these QTL in different genetic 
backgrounds and environments other than the original mapping population. 
The confirmation of reported QTL requires the identification of the same QTL in parallel 
and independent populations (Fasoula et al., 2004). Currently, there are more than 1000 
QTL associated with molecular markers reported in SoyBase (www.soybase.com; 
verified October 25, 2005) for a variety of quantitative traits, yet there has been little 
confirmation of these QTL in parallel and independent populations. This is a vital step in 
the viability of SSR markers associated with QTL that may be used in marker assisted 
selection (MAS) strategies for soybean breeders. The objectives of this study were to 
validate and confirm the recently identified SSR marker QTL associated with soybean 
seed phytate content, and examine their effectiveness for MAS in two segregating 
populations. 
Materials and Methods 
Population Development and Experimental Field Procedures 
A low-phytate MG III germplasm, Cx1834-l -2, was developed by Dr. J.R. Wilcox of the 
USDA-ARS at Purdue University. Cx1834-1-2 was crossed with a high yielding MG V 
cultivar, ' 5601 T' (Pantalone et al., 2003) to form one population, and a second 
population was developed by crossing Cx1834-1-2 with a competitive yielding MG V 
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line, S97- 1688 (Anand et al. ,  2004), with broad soybean cyst nematode resistance. The 
crosses were made in the summer of 2000 at the Plant Science Unit of the East Tennessee 
Research and Education Center in Knoxville, TN. The F 1 seeds were harvested in the fall 
of 2000 and sent to Costa Rica for generation advancement to the F s stage via single seed 
decent (Fehr, 1 99 1 ). The F4:s single plants were grown at Knoxville, TN in the summer 
of 2002 for the development of a recombinant inbred line (RIL) population, and 
approximately 700 single plants were harvested and sent to Costa Rica for seed increase. 
The F s:7 seeds of the RIL were grown at the Plant Science or Holston Units of the East 
Tennessee Research and Education Center in Knoxville, TN in the summer of 2003 . 
Three hundred and thirteen 3 .05m progeny rows, from the 5601T x Cx1 834- 1 -2 
population, were replicated three times at the Plant Science Unit, and three hundred and 
sixty-nine 6. 1 Om progeny rows, from the same population, were grown in a single 
replicate at the Holston Unit. A total of 8 1 5  Fs:1 RIL's  from the cross S97- 1 688 x 
Cx1 834- 1 -2 were grown at Holston Unit in 2003 . There were 1 87 and 1 86 individual 
progeny rows randomly selected for this study from the two populations 560 1 T x 
Cx1 834- 1 -2 and S97- 1688 x Cx1 834- l -2, respectively. The 560 1 T x Cx1 834- 1 -2 
population of 1 87 progeny was divided into three groups in 2004, based on maturity 
observations made in 2003 . That population was planted in 2 row plots, 6. 1 Om long, in a 
replicated Randomized Complete Block Design (RCBD), in 2004 at three locations: the 
Plant Science Unit of the East Tennessee Research and Education Center in Knoxville, 
TN, the Research and Education Center at Milan, TN, and the Highland Rim Research 
and Education Center in Springfield, TN. Rows were end-trimmed to a length of 4.88m 
for harvesting with a two-row combine. The 1 86 progeny from the S97- 1 688 x Cx 1 834-
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1-2 po�ulation were grown as single row plots, 6.10m long, in a non-replicated field 
study at the Plant Science Unit of the East Tennessee Research and Education Center in 
Knoxville, TN. 
DNA Isolation and Polymerase Chain Reaction 
Approximately 7 to 10 leaves were sampled from each of the F s:7 progeny rows in 2003 
from both populations for DNA extraction. Samples were taken randomly from each row 
and stored at -80°C until the extraction procedure was preformed. DNA from these leaf 
samples was isolated using the Qiagen Plant DNeasy Extraction Kit (Qiagen, Hilden, 
Germany). 
Progeny from both RIL populations were screened with the SSR markers Sa�23 7 
[linkage group (LG) N] and Satt561 (LG L). Currently, the SSR primers, their respective 
sequences, and their integration into the soybean molecular linkage map, are publicly 
available (Soybase) and are described by Cregan et al. ( 1999). PCR reactions were 
performed in a 96-well MBS Hybaid thermocycler (Hybaid Franklin, MA). The 12.5µL 
PCR mix consisted of 2.5µL of 10 ng/µL template DNA, 3.75µL ddH2O, 1.25µL of 
.25µM forward D4 labeled primer (synthesized by Proligo Boulder, CO) and 25µM 
reverse primer (synthesized by Sigma Genosys, Woodlands, TX), and 5.0µL of 
Hotmaster T AQ (Eppendorf Brinkman Instruments, Westbury, NY). The amplification 
conditions consisted of 94°C for 5 min followed by 35 cycles of 94°C denaturation for 25 
s, 57°C annealing for 30 s, and 72°C extension for 30 s, ending with 1 cycle of 12°c· for 5 
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min. The PCR products were separated using capillary electrophoresis in a Beckman 
CEQ 8000 (Fullerton, CA). Fragment lengths were obtained using Beckman CEQ 
Fragment Analysis Software. Satt237 (LG N) amplicons were 257 and 239 bp for 
Cx1834-1-2 and 5601T alleles, respectively, and Satt561 (LG L) amplicons were 266 and 
260 bp for Cx1834-1-2 and 5601T alleles, respectively. 
The extracted DNA from 55 progeny lines in the S97-1688 x Cx1834-1-2 population was 
taken to the University of Georgia (Athens, GA) for SSR marker Satt561 screening. PCR 
and polyacrylamide electrophoresis protocols were the same as those described by Li et 
al. (2001), except that a PTC-225 DNA Engine Tetrad (MJ Research, Waltham, MA) 
thermalcycler was used. PCR amplicons were separated by polyacrylamide gel 
electrophoresis on an ABI 377 automated DNA sequencer (Applied Biosystems, Foster 
City, CA). 
The RIL progeny were scored, based on the screening with the selected markers, as 
follows: 1 = homozygous for the 5601T or S97-1688 allele, 2 = heterozygous, and 3 = 
homozygous for the Cx1834-1-2 allele. 
Pi and Phytate Composition Analysis 
Inorganic phosphorous (Pi) concentrations were determin�d using a modified version of a 
colorimetric assay developed by Raboy et al. (2000) which was an adaption of the assay 
described by Chen et al. (1956). Approximately 30 g of soybean seeds, randomly chosen 
from seed harvested from progeny rows, were ground in a water-cooled Knifetec 1095 
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Sample Mill (FOSS Tecator, S-26321, Hogana, Sweden) for 20 s. This setting produced 
ground soybean seed powder with a uniform particle size. Approximately 100mg of 
ground soybean powder was placed into a 1.50 mL microcentrifuge tube for Pi 
extraction, and the weight per sample was recorded for calculation of Pi on a dry weight 
(DW) basis. lmL (IOµL per mg of seed tissue) of the extraction buffer [12.5% 
trichloroacetic acid (TCA) and 25 mM MgCh] was added to each sample, vortexed, and 
allowed to incubate overnight ( ..:..16 hrs). The samples were then vortexed and allowed to 
settle for 5 min before aliquots of extraction solution were transferred to 96 well storage 
plates and then centrifuged at 3000 rpm for 3 min. 
Three 1 0µL subsamples were taken from each extraction sample and then tested in the 
same 96-well assay plate to obtain a mean estimate of Pi levels for each individual in the 
population. The 1 0µL subsamples were diluted into 90µL of ddH2O ( 100 µL total 
volume) were then mixed with 100 µL of Chen's Reagent, which consists of 1 volume 
6N H2SO4: 1 volume 0.02 M ammonium molybdate: 1 volume 10% ascorbic acid: 2 
volumes water (Chen et al., 1956). The reaction was allowed to proceed at ambient 
temperature for exactly 1 hr, after which Pi concentrations were determined using a Bio­
Tek PowerWave XS Microplate Spectrophotometer (BioTek Instruments, Winooski, VT) 
set at a wavelength of 882 nm. Eight standards, representing 0, 0.155, 0.465, 0.930, and 
1.3 9 5 µg of P, based on the atomic weight of P, were used to obtain a standard curve, 
from which sample concentrations were estimated. In addition to the five standards used 
by Raboy et al. (2000), standards representing 1.86, 2.32, and 2.64 µg P were also 
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included. This made it possible to use the original sample dilution ratio (10 µL extract 
solution + 90 µL H2O) described by Raboy et al. (2000). 
Direct measurements of seed phytate concentrations were conducted at the USDA-ARS 
in Raleigh, NC via HPLC. Ground soybean tissue was analyzed for phytate from a 
representative sample (85 RIL of the 5601T x Cx1834-1-2 population). 
Data Analyses 
Associations between molecular data and phenotypic data used to validate QTL were 
analyzed using single factor analysis of variance with the PROC GLM procedure of SAS 
software v9.0 (SAS Institute, 2002). The few RIL which were heterozygous at the 
Satt23 7 or Satt561 loci were excluded from the analysis because the RIL populations 
were F5 derived, and our interest was to confirm the additive genetic Q�L from lines 
homozygous at those two loci. Mean Pi averaged across all replicates and locations were 
analyzed with the PROC MEANS procedure in SAS software v'9.0 (SAS Institute, 2002). 
The PROC GLM procedure was also used to determine the analysis of variance for Pi, 
with location and replication as random blocking factors. 
Results and Discussion 
The ability to accurately measure, or even distinguish, the amount of phytate in soybean 
tissue based on observed concentration of inorganic phosphorous (Pi) was of initial 
concern to soybean breeders seeking to develop low phytate lines (Pantalone, personal 
communication). The seed phytate concentration for 85 individual RIL in the 5601 T x 
Cx1834-1-2 population was evaluated by HPLC, and the same samples were also 
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Figure 3.1 : Scatter plot and linear regression for seed phytate and Pi 
concentrations of 85 RIL from the cross 5601T x Cx1834-1-2. 
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evaluated for seed Pi. Figure 3 .1 illustrates the inverse relationship between seed Pi and 
seed phytate concentrations. A linear regression of the two variables showed that the 
amount of seed Pi explained -- 84% of the variation in seed phytate. Thus, this strong 
correlation became the basis for utilizing Pi as a rapid protocol for selecting RIL for seed 
phytate content by soybean breeders, and seed Pi concentration became the phenotype of 
interest for this study. Eight standards with six replications were used to obtain the 
standard curve for Pi (Figure 3.2). The exceptionally strong R2 value (0.9985) for the 
model indicates that spectrophotometric identification of seed Pi concentration is reliable. 
The analysis of variance for Pi, for the 5601 T- x Cx1834-1-2 population (grown in three 
locations), is given in Table 3 .1. Location, genotype, and the location by genotype 
interaction were all significant (p <.0001, Table 3.1). The high R2 (0.98) for the model 
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Figure 3.2: Standard curve used for spectrophotometric determination of Pi 
concentration 
Table 3.1 :  Analysis of variance for soybean seed Pi from 187 RIL of 5601 T x 
Cx1834-1-2 grown in 2004 at three environments with three replications. 
Source DF Mean Square F-Value Pr > F  R2 
- % 
Model 566 1317362.3 116.1 1  <.0001 98.3 
Rep(Loc) 6 222165.7 19.58 <.0001 
Location 2 4592384.4 404.76 <.0001 
Genotype 186 3768732.8 332.17 <.0001 
Loc*Geno 372 86093.7 7.59 <.0001 
Error 1107 1 1345.9 
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sugg ests tha t  the fi el d  p roj ect wa s s etup a nd ma nag ed successfully, a nd that g enotyp e and 
env ironm ent contribute to P i  p henotyp e. 
SSR mark er Sa tt23 7 wa s val ida ted to be a ssocia ted w ith a QTL (p <.0001) fo r  P i  in all 
env ironm ents a nd in the combined da ta set {Tabl e 3.2). SSR ma rk er Sa tt561 wa s al so 
val ida ted be a ssocia ted w ith a QTL (p <.0001) fo r  P i  in all env ironm ents a nd in the 
combined da ta set fr om the 5601 T x Cx1834-1-2 p op ula tion. SSR ma rk er Sa tt237 wa s 
foun d to be a maj or QTL l ocus (R2 = 30.2 %), a nd SSR ma rk er Sa tt561 wa s fo und to be a 
m inor QTL l ocus (R2 = 8.2 %). T hese da ta show there is 2 - 4 fol d difference in the m ea n  
P i  val ue betw een normal SSR mark er pa rental g enotyp es a nd l ow-p hy ta te SSR ma rk er 
g enotyp es. 
T he S97-1688 x Cx1834-1-2 p op ula tion al so confirm ed that SSR ma rk ers Sa tt237 and 
Sa tt561 w ere a ssocia ted w ith P i  QTL. T his p op ula tion wa s only gr own in one l oca tion in 
Table 3.2 : Quantitative trait loci for seed Pi concentration in 187 RIL of 56 01 T x 
Cxl834-1-2 grown in 2 004 at three environments with three replications, 
using single factor analysis of variance. 
Combined Environmenti 
Allelic mean Pi! HRREC KPSF MREC 
SSR 
Locus 56/56 Cx/Cx p R2 p R2 p R2 p .... .-, % % "· 
Satt237 441 1 196 <.0001 30.2 <.0001 30.7 <.0001 28.9 <.0001 
Satt561 557 976 <.0001 8.2 <.0001 8.6 <.0001 9.1 <.0001 
DLR§ 394 1678 <.0001 43.5 <.0001 43.9 <.0001 43.6 <.0001 
t 56/56 = Homozygous '5601T' marker allele, Cx/Cx = Homozygous 'Cx1834-1-2' allele. 
t HRES = Highland Rim Research and Education Center at Springfield, TN, KPSF = Knoxville 
Plant Science Farm, MES = Milan Research and Education Center at Milan, TN 
§ Dual Locus Regression (Satt237 and Satt561) 
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R2 
o/e 
32.7 
7.6 
45.9 
Table 3.3: Quantitative trait loci for seed Pi concentration in 186 RIL of S97-1688 x 
Cx1834-1-2 grown in 2004 at Knoxville, TN, using single factor analysis of 
variance. 
Allelic mean Pi§ 
SSR Locus S97/S97 Cx/Cx p 
p· -1 ------ ug I g ---
Satt237 431 795 <.0001 
Satt561 408 652 .0172 
DLRt 373 1464 <.0001 
§ S97/S97 = Homozygous 'S97-1688' allele, Cx/Cx = Homozygous 'Cx1834-1-2' allele 
t Dual Locus Regression 
R2 
% 
10.1 
3.5 
22.1 
2004 and if was unreplicated. SSR markers Satt237 and Satt56 1  were considered major 
and mi�or QTL loci, p < 0.0001, R2 = 10. 1 % and p = 0.0172, R2 = 3.5 %, respectively 
(Table 3 .3). · The mean Pi associated with normal and low phytate RIL for each SSR 
marker group, in this population, showed a 0.5 to 4 fold difference. 
The genotypic group with the highest Pi levels in both populations was the group that 
was homozygous for the Cx1834-1-2 at both the Satt237 and Satt56 1  loci (Figures 3.3 
and 3.4). These data show that the lines with the highest Pi concentrations, or lowest in 
phytate, are those lines which carry the SSR marker alleles inherited by the low phytate 
parent, Cx 1834-1-2. In contrast, the lines with the lowest concentration of Pi, or highest 
in phytate, are those lines which carry the SSR marker alleles inherited by the normal 
phytate parents. This would lead to the conclusion that these SSR markers may be a 
valuable tool for MAS of individuals carrying the low-phytate phenotype, and that 
incorporation of this trait into established soybean cultivars may be readily accomplished. 
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Figure 3.3 : Mean soybean seed Pi concentration for all possible genotypic classes, 
based on SSR markers Satt237 and Satt561, for 187 Fs derived RIL 
grown in three environ�ents in 2004 from the 5601T x Cx1834-1-2 
population. 
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Figure 3.4: Mean soybean seed Pi concentration for all possible genotypic classes, 
based on SSR markers Satt237 and Satt561, for 186 F s derived RIL 
grown in 2004 from the S97-1688 x Cx1834-1-2 population. 
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A chi-squared goodness of fit tested the null hypothesis that there is no real difference 
between the observed data and the expected data (i.e. that the markers exhibited a two 
gene genotypic segregation ratio for an F5 derived population). The data for these tests is 
illustrated in Figures 3 .5 and 3 .6. We reject the null hypothesis for both the 5601  T x 
Cx1 834- 1 -2 population (X2 = 26.6, P <.00 1) and the S97- 1688 x Cx1 834- 1 -2 population 
(X2 = 85.4, P <.00 1). These data show that there is a real difference between the observed 
and expected data, and that the apparent differences are not attributable only to a two­
gene model. A possible explanation may be that a sample size of 1 87 RIL may not have 
expressed the full complement of possible genotypic classes at expected frequencies. A 
much larger sample size might be needed to show that the inheritance of the two markers 
is independent. An alternate explanation may be that there are additional modifier genes 
which influence the expression of seed phytate in soybean. 
The efficiency of SSR markers to select superior (low phytate) progeny can be described 
when observing mean Pi concentrations in both populations. The mean Pi concentration 
for the 5601 T x Cx1 834- 1 -2 population is 788 µg g- 1 (combined data), and the mean Pi 
concentration for the S97- 1688 x Cx1 834- 1 -2 population is 561  µg g- 1 (Figures 3 .7 and 
3 .8). If only individuals with the Cx1 834- 1 -2 form of the SSR marker locus Satt237 are 
selected from the 560 1  T x Cx 1 834- 1 -2 population, the mean Pi concentration increases to 
1 1 96 µg g- 1 (Table 3 .2). When both SSR markers are used for the selection of progeny in 
that population the mean Pi concentration is more than doubled, from 788 µg g- 1 to 1678 
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Figure 3.5: Frequency of individuals associated with all possible genotypic groups 
related to SSR markers Satt237 and Satt561, in the 5601T x Cx1834-1-2 
population. 
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Figure 3.6: Frequency of individuals associated with all possible genotypic groups 
related to SSR markers Satt237 and Satt561, in the S97-1688 x Cx1834-1-
2 population. 
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Figure 3.7: Frequency distribution of progeny for soybean seed Pi concentration, 
averaged over three replications and three locations, for 187 RIL in the 
5601T x Cx1834-1-2 population grown in 2004. 
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Figure 3.8: Frequency distribution of 186 RIL progeny for soybean seed Pi 
concentration in the S97-1688 x Cx1834-1-2 population grown in 2004. 
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µg g · 1 • When both SSR markers are used for the selection of progeny in the S97-1688 x 
Cx1834-1-2 population the mean Pi concentration is also more than doubled, from 561 
µg g· 1 to 1464 µg g· 1 (Table 3 .3). These findings indicate that SSR markers Satt237 and 
Satt561  are indeed useful tools for low-phytate soybean selection. These markers may be 
most helpful distinguishing undesirable progeny in forward or in backcrossing 
populations. 
The efficiency of using these SSR markers to select superior lines can also be observed 
by determining the percent of lines which were positively identified as low phytate lines 
by MAS. Table 3 .4 shows the percent of individuals that were correctly selected, that is, 
individuals which inherited the Cx1834-1-2 form of each allele at· the Satt237 and 
Satt561  loci and that expressed a low phytate phenotype based on seed Pi concentration. 
The ability to select low phytate individuals among a segregating population is enhanced 
by between 9.7 and 25% when using only one of the two SSR markers depending upon 
which marker is chosen and which breeding population that marker is applied to. When 
using both SSR markers for selection, we enhance our ability to select low phytate 
individuals by - 50 % versus random selection. These results show that MAS selection 
for low phytate, when using SSR markers Satt23 7 and Satt561, is only 50% effective in 
selecting low phytate individuals compared to phenotypic selection. Although the MAS 
method was not 100% effective in identifying low phytate individuals, it is interesting to 
note that all low phytate individuals inherited the Cx1834- 1-2 form of each of the Satt237 
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Table 3.4 :  Efficiency of MAS, as the percent of progeny RIL which were positively 
identified as low phytate lines using SSR markers Satt237 and Satt561, in 
two soybean populations and combined. 
Allelic Frequency§ % Positively Selected 
Population Satt237 Satt561 Both: LPLt 
5601 T x Cx1834-1-2 80 94 40 20 
S97-1688 x Cx1834-1-2 56 103 19 10 
Combined 136 197 59 30 
§ Frequency of individuals with homozygous Cx1834-1-2 allele 
t LPL = Low Phytate Lines 
Satt237 Satt561 Both: 
25.0 21.3 50.0 
17.9 9.7 52.6 
22.1 15.2 50.8 
t Frequency of individuals with homozygous Cx1834-1-2 allele for both Satt237 and Satt561 
and Satt56 1  SSR marker loci. This observation leads to the conclusion that a soybean 
line must posses the Cx1834- 1-2 form of the SSR marker allele to produce a low phytate 
phenotype. Thus, MAS at both loci will capture all available low phytate individuals, but 
simply inheriting the Cx1834- 1-2 allelic form is not necessarily indicative of a low 
phytate phenotype. 
The efficiency of MAS for the low phytate soybean phenotype must 3:lso be understood 
from an economical standpoint because resources are of major concern when determining 
a selection strategy for a new trait in a breeding program. At the University of Tennessee 
we estimated the price of phenotypic selection per 96 individuals to be US $6.33, 
requiring a total of -- 23 person hours. This is compared to the relatively high cost of US 
$250.00 for genotyping 96 individuals, requiring -- 48 person hours. These results 
suggest that phenotyping for low phytate soybeans is likely to be more effective and cost 
efficient than MAS with SSR markers Satt237 and Satt56 1  at the current state of 
technology and knowledge of the genetics of this trait. 
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PART 4 
Effectiveness of Dual Marker Assisted Selection for 
Soybean Seed Phytate and Protein Concentration 
45 
Abstract 
Soybean meal is a valuable source of protein for humans and animals throughout the 
world, and improving soybean cultivars for higher protein concentration is a goal in many 
soybe� breeding programs. Soybean typically contains - 400 g kg- 1 protein on a dry 
weight (OW) basis, - 4.3 g kg9 1 of phytate P, and - 0.7 g kg- 1 of Pi. The objectives of 
this study were to develop recombinant inbred lines (RIL) with high protein and low 
phytate, to confirm SSR molecular markers associated with QTL for seed protein and 
phytate concentration, and to examine the efficiency of dual-trait marker assisted 
selection (MAS). This study found four quantitative trait loci (QTL) significantly 
associated with SSR markers for seed protein concentration in this population. Markers 
Satt429 and Satt239 were found. to be minor loci controlling protein concentration (R2 = 
5.2 % and 7. 1 %), respectively. Markers Satt441 and Satt561  were found to be major loci 
controlling protein concentration (R2 = 10. 1 % and 14.5 %), respectively. This study also 
found five QTL significantly associated with Pi seed concentration in this population. 
Markers Satt385, Satt239, Satt441, and Satt561 were all found to be major loci 
controlli�g Pi seed concentration in this population (R2 = 21.2 %, 23. 1 %, 24.6 %, and 
11.8 %), respectively. Marker Satt231 was found to be a minor locus controlling Pi seed 
concentration (R 2 = 5 . 1  % ). Dual marker assisted selection for seed protein and phytate 
concentration is not recommended in this population because of the inability of molecular 
data to predict the superior phenotype (low phytate, high protein) for both traits 
simultaneously. 
46 
Introduction 
The ability to select individuals within a population for two or more traits simultaneously 
is of great interest to plant breeders for numerous seed quality traits. Soybean meal is a 
valuable source of protein for humans and animals throughout the world, and improving 
soybean cultivars for higher protein content is a goal in many soybean breeding 
programs. Soybean typically contains - 400 g kt 1 protein on a dry weight (DW)° basis, -
4.3 g kg·1 of phytate P, and - 0.7 g kt1 of Pi (Wilson, 2004; Wilcox, 2000). Previous 
studies have shown that there appears to be no correlation between protein and phytate 
seed concentration in soybeans (Hulke et al., 2004; Oltmans et al., 2005). Simultaneous 
improvement of protein and other traits, particularly oil content, has proven to be difficult 
because of phenotypic and genetic correlations of traits. Marker assisted selection 
(MAS) may be a useful tool in guiding breeders toward selection techniques which 
overcome this difficulty. 
The phosphorus found in phytate, a mixed cation salt ofphytic acid (myo-inositol 
1,2,3,4,5,6-hexakisphosphate), is mostly unavailable to monogastric animals such as 
humans, poultry, swine, and fish (Erdman, 1979). It also binds valuable mineral nutrients 
including calcium, magnesium, iron, potassium, and zinc into an unavailable form 
(Raboy, 2002). Currently, feed rations for non-ruminant animals include either phytase, 
an enzyme responsible for the dephosphorylation of phytate (Lei and Porres, 2003 ), or 
inorganic phosphorus (Pi) supplements. The manure from swine and poultry production, 
when land applied, provides non-point source Pi contamination of ground water or 
freshwater ponds, streams, and bays. This contamination can cause eutrophication in 
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these ecosystems, which promotes algal bloom production and reduces available oxygen 
for macro organisms (Daniel et al. ,  1 994; Ertl et al. , 1998). Therefore, the development 
of soybean cultivars which are lower in the allocation of phosphorus into phytic acid, and 
higher in available protein, may help provide more mineral nutrients to growing 
monogastric animals without the addition of phytase or phosphate supplements, while at 
the same time saving valuable ecosystems inundated with non-point source Pi pollution. 
Wilcox et al. (2000) successfully developed mutant soybean lines with - 1 .9 g kg-I of 
phytate P and --3. 1  g kg-I of Pi, compared to normal conventional soybean cultivars with 
-4.3 g ki I of phytate P and -0.7 g kiI of Pi. Cxl 834-1 -2 was one of the lines 
developed by Wilcox et al. (2000), which was used as the low phytate male donor parent 
in the population we developed at the University of Tennessee. The objectives of this 
study were to confirm the genomic regions governing protein and phytate concentrations 
found in previous studies, and address the ability of dual marker assisted selection for 
both traits. 
Materials and Methods 
Population Development and Experimental Field Procedures 
A low-phytate maturity group (MG) III germplasm, Cx1834-1-2, was developed by Dr. 
J.R. Wilcox of the USDA-ARS at Purdue University. Cx1834- l -2 was crossed with the 
high protein germplasm Danbaekkong (PI 619083) (USDA, ARS, 2005). The cross was 
made in the summer of2001 at the Plant Science Unit of the East Tennessee Research 
and Education Center in Knoxville, TN. The FI seeds were harvested in the fall of 200 1 
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and sent to Costa Rica, where F1 plants were grown and F2 seeds were harvested and sent 
back to Knoxville, TN in the spring of 2002. F2 plants were grown in Knoxville, TN 
during summer 2002 and F3 seeds were harvested via single seed decent (SSD) (Fehr, 
1991) and sent to Ponce, Puerto Rico for generation advancement via SSD. F5 seeds 
were grown in Knoxville, TN during the spring of 2003 and F 5 single plants were 
harvested. One hundred and thirty-eight F 5:6 plant rows were grown in 2004 at the 
Holston Unit of the East Tennessee Research and Education Center in Knoxville, TN, 
and individual 3.05m rows were harvested in bulk. 
The following phenotypic traits were measured in 2004 by observations in the field: 
flower color (purple, white, or segregating), maturity ( days from planting to physiological 
maturity), lodging (scored from 1 = erect to 5 = prostrate), and plant height (cm). 
DNA Isolation and Polymerase Chain Reaction 
Approximately 7 to 10 leaves were sampled from each of the 13 8 F 5 :6 progeny rows in 
2003 for DNA extraction. Samples were taken randomly from individual plants within 
each row and stored at -80°C until the extraction procedure was preformed. DNA from 
leaf samples was isolated using the Qiagen Plant DNeasy Extraction Kit (Qiagen Hilden, 
Germany). 
The SSR molecular markers Satt3 85 (LG A 1 ), Satt429 (LG A2), Satt23 l (LG E), Satt239 
(LG I), and Satt441 (LG K) were used in this study for validation of genomic regions 
controlling protein from Danbaekkong soybean, based on personal communication with 
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Dr. Roger Boerma at the University of Georgia, Athens, GA. SSR marker Satt239 (LG 1) 
is in the same region (36.94 cM, LG I) as 7 previously reported QTL for protein between 
32.4 cM and 39.4 cM on LG I (Hyten et al. 2004). SSR marker Satt44 l was also in a 
region (46.2 cM, LG K) close to previously found protein QTL (Specht et al. 2001) . 
Progeny from this RIL population were screened with the SSR markers Satt23 7 (linkage 
group (LG) N) and Satt561 (LG L) previously found to control seed phytate (Walker et 
al. , in press). Currently, the SSR primers, their respective sequences, and their integration 
into the soybean molecular linkage map are publicly available online at 
www.soybase.com (verified July 19, 2005) and are described by Cregan et al. (1999) and 
Song et al. (2004). · The extracted DNA from all progeny lines was taken to the 
University of Georgia (Athens, GA) for SSR marker Satt23 7 and Satt56 l screening. 
PCR and polyacrylamide electrophoresis protocols were the same as those described by 
Li et al. (2001), except that a PTC-225 DNA Engine Tetrad (MJ Research, Waltham, 
MA) thermalcycler was used. PCR amplicons were separated by polyacrylamide gel 
electrophoresis on an ABI 377 automated DNA sequencer (Applied Biosystems, Foster 
City, CA). 
The RIL progeny were scored, based on the screening with the selected markers, as 
follows: 1 = homozygous for the Danbaekkong allele, 2 = heterozygous, and 3 = 
homozygous for the Cxl834-l-2 allele. 
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Pi Concentration Analysis 
Inorganic phosphorous (Pi) concentrations were determined using a modified version of a 
colorimetric assay developed by Raboy et al. (2000) which was an adaption of the assay 
described by Chen et al. (1956). Approximately 30 g of soybean seeds, randomly chosen 
from seed harvested from progeny rows, were ground in a water-cooled Knifetec 1095 
Sample Mill (FOSS Tecator, S-26321, Hogana, Sweden) for 20 s. This setting produced 
ground soybean seed powder with a uniform particle size. Approximately 100 mg of 
ground soybean powder was placed into a 1.50 mL microcentrifuge tube for Pi 
extraction, and the weight per sample was recorded for calculation of Pi DW basis. l mL 
( lOµL per mg of seed tissue) of the extraction buffer [12.5% trichloroacetic acid (TCA) 
and 25 mM MgCh] was added to each sample, vortexed, and allowed to incubate 
overnight (-16 hrs). The samples were then vortexed and allowed to settle for 5 min 
before aliquots of extraction solution were transferred to 96 well storage plates and then 
centrifuged at 3000 rpm for 3 minutes. 
Three 1 0µL subsamples were taken from each extraction sample and then tested in the 
same 96-well assay plate to obtain a mean estimate of Pi levels for each individual in the 
population. The lOµL subsamples were diluted into 90µL of ddH20 (100 µL total 
volume) were then mixed with 100 µL of Chen's Reagent, which consists of 1 volume 
6N H2S04: 1 volume 0.02' M ammonium molybdate: 1 volume 10% ascorbic acid: 2 
volumes water (Chen et al., 1956). The reaction was allowed to proceed at ambient 
temperature for 1.0 hr, after which Pi concentrations were determined using a Bio-Tek 
PowerWave XS Microplate Spectrophotometer (BioTek Instruments, Winooski, VT) set 
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at a wavelength of 882 nm. Eight standards, representing 0, 0. 1 55, 0.465, 0.930, and 
· 1 .395 µg of P, based on the atomic weight of P, were used to obtain a standard curve, 
· from which sample concentrations were estimated. In addition to the five standards used 
by Raboy et al. (2000), standards representing 1 .86, 2.32, and i64 µg P were also 
included. This made it possible to use the original sample dilution ratio ( 10  µL extract 
:.· solution + 90 µL H2O) described by Raboy et al. (2000). 
Protein, Oil, and Amino Acid Analyses 
Approximately 30 g of soybean seeds, randomly chosen from seed harvested from 
progeny rows, were ground in a water-cooled (25°C Knifetec 1 095 Sample Mill (FOSS 
Tecator, S-2632 1 ,  Hogana, Sweden) for 20 seconds. This setting produced ground 
soybean seed powder with a uniform particle size. 
Protein, oil, and amino acid DW concentrations were obtained using a NIRS instrument 
(NIRS 6500, FOSS North America). The instrument was warmed up for 2 h after turning 
on the lamp and auto diagnostics were run. Diagnostics tests ensured that the instrument 
passed three different tests for instrument response, wavelength accuracy, and NIRS 
repeatability. A room dehumidifier was used throughout the analysis, setting the humidity 
to 40%; room temperature was approximately 20°C. Approximately a quarter cup of the 
ground soybean samples were scanned using Winisi II 1 .5 software. The instrument was 
left on for the entire period of analysis, and diagnostics were performed every day until 
scanning of all samples was completed (Panthee, 2005). 
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Data Analysis 
Associations between molecular data and phenotypic data used to validate QTL were 
analyzed using single factor analysis of variance with the PROC GLM procedure of SAS 
software v9.0 (SAS Institute, 2002). All heterozygote RIL were excluded from the 
analysis because the RIL populations were F 5 derived, and our interest was to confirm 
QTL from pure lines. Means score data for Pi and protein concentration were analyzed 
with the PROC MEANS procedure in SAS software v9.0 (SAS Institute, 2002). The 
PROC GLM procedure was also used to determine the analysis of variance for Pi and 
protein concentration. 
Results and Discussion 
There were no RIL found to exhibit Pi seed concentrations as high as the low phytate 
parental line, Cx 1834-1 -2. This may be indicative of genetic background effects on this 
particular trait. Surprisingly there was also no polymorphism found between 
Danbaekkong and Cx1834-1-2 at SSR marke� locus Satt237, which is considered to be a 
major locus associated with QTL controlling seed phytate (Walker et al., in press). 
There was a significant correlation (r = 0.34; p <.0001 )  found seed Pi and protein 
concentration. This is the first such correlation reported in soybean. The mean protein 
concentration for the population was 464 g kt 1 with minimum and maximum protein 
concentrations of 404 g kt 1 and 497 g kg· 1 , respectively (Table 4. 1 ). The high protein 
donor parent, Danbaekkong, had a significantly higher protein concentration ( 483 g kg· 1 ) 
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Table 4.1 : Simple statistics for 138 RIL seed protein and Pi concentration in the 
population Danbaekkong x Cx1834-1-2 
Trait 
Protein (g kg-1) 
Pi (µg g1) 
Min. Mean Max. Std. Dev. Danbaekkong Cx1834-1-2 
404 464 497 1.S 483 446 
397 584 1038 160 518 2062 
than the low phytate parent Cxl834-l-2 (446 g ki 1) (Table 4.1). The frequency 
distribution for protein within this population is shown in Figure 4.1. 
The mean seed Pi concentration for this population was 584 µg g- 1 with minimum and 
maximum seed Pi concentrations of 397 µg g-1 and 1038 µg g-1 ,  respectively (Table 4.1). 
The normal phytate parent, Danbaekkong, had a seed Pi concentration of 518 µg g-1 , 
which was significantly lower than that of the low phytate parent, Cx 1834-1-2, which had 
a seed Pi concentration of 2062 µg g- 1 (Table 4.1). The frequency distribution for seed Pi 
concentration within this population is shown in Figure 4.2. 
The SSR molecular markers Satt385 (LG Al), Satt429 (LG A2), Satt23 l (LG E), Satt239 
(LG I), and Satt441 (LG K) were used in this study for validation of genomic regions 
controlling protein based on personal communication with Dr. Roger Boerma at the 
University of Georgia, Athens, GA. This study found 4 QTL significantly associated 
with SSR markers for protein production in this population. SSR markers Satt429 and 
Satt239 were found to be minor loci (R2 <0. 1 0) (Falconer and Mackay, 1996), with R2 
values of 5.2 % and 7.1 %, respectively, for seed protein concentration (Table 4.2). SSR 
markers Satt441 and Satt561 were found to be major loci (R2 >0.10), with R2 values of 
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Figure 4.1 : Frequency distribution of 138 RIL seed protein concentration in the 
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Figure 4.2 : Frequency distribution of 138 RIL for seed Pi concentration in the 
Danbaekkong x Cx1834-1-2 population 
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Table 4.2 : Quantitative trait loci for protein and Pi seed concentrations in 138 RIL 
from the cross Danbaekkong x Cx1834-1-2 using single factor analysis of 
variance. 
Allelic mean Pi Allelic mean Protein 
SSR Map 
Locus LG Position Dan Cx p R2 Dan Cx p R2 
cM ug Pi g·1 o/o o/o o/o % 
Satt385 Al 64.74 546 727 <.0001 21.2 NS NS NS NS 
Satt429 A2 162.03 NS NS NS NS 46.1 46.9 .0133 5.2 
Satt231 E 70.23 611 526 .0198 5.1 NS NS NS NS 
Satt239 I 36.94 683 525 <.0001 23.1 46.1 46.9 .0064 7. 1 
Satt441 K 46.20 700 530 <.0001 24.6 47.1 45.6 .0009 10.1 
Satt561 L 71 .44 649 536 .0001 11 .8 47.1 45.8 <.0001 14.5 
LG = Linkage Group (Soybase), NS = Not significant, Dan = RIL Homozygous for Danbaekkong 
allele, Cx = RIL Homozygous for Cxl834-l-2 allele 
10.1 % and 14.5 %, respectively, for seed protein concentration (Table 4.2). Table 4.2 
also gives the mean protein concentration for RIL that inherited each homozygous form 
(Danbaekkong or Cx 1834-1-2) of the respective allele. These data show that selection 
for the Danbaekkong allele, for SSR markers Satt441 and Satt56 l, increases the mean 
protein concentration by almost 2%. 
This study found five QTL significantly associated with Pi seed concentration in this 
population. SSR markers Satt385, Sattt239, Satt441, and Satt561 were each found to be 
major loci controlling Pi seed concentration in this population, with R 2 values of 21.2 %, 
23.1 %, 24.6 %, and 11.8 %, respectively (Table 4.2). SSR marker Satt231 was found to 
be a minor locus controlling Pi seed concentration, with an R 2 value of 5 .1 %. The mean 
Pi concentration for RIL that inherited each homozygous form (Danbaekkong or Cx 1834-
1-2) of the respective allele shows that selection for the Danbaekkong allele, for SSR 
markers Satt231, Satt239, Satt441, and Satt561, increases the mean Pi concentration. 
56 
This is not what one would expect considering the low-phytate (high Pi) phenotype was 
expected to be inherited form the Cx1834-1-2 parent. These results may indicate a 
genetic background effect on Pi concentration. That is, some germplasm such as 
Danbaekkong may contain allelic forms of modifier genes which reduce seed phytate. 
The same phytate-associated SSR markers Satt231, Satt23 9, Satt441, and Satt5 61 were 
also found to be associated with QTL for protein and Pi concentration. The finding that 
each of those genomic regions may control both traits could be a reflection of the low to 
moderate phenotypic correlation between protein and seed Pi concentration. This may 
also indicate that the production of phytate in RIL of this population is affected by high 
protein seed concentration. Seed physiology is a complex process. New knowledge on 
interrelationships between seed traits is important for breeders who are targeting selection 
for genetic gains. 
The ability to select individuals simultaneously for seed Pi and protein concentration, 
based on SSR molecular marker data in this population, is examined in Tables 4.3 and 
4.4. Molecular genotype consistency was observed for the SSR markers in the upper tail 
of the distribution, among 5 % of RIL that have the highest Pi concentration (Table 4.4). 
The data suggests that selecting individuals homozygous for the Danbaekkong allele for 
SSR markers Satt23 l, Satt239, Satt441, and Satt5 61, and homozygous for the Cx 1834- 1-
2 allele for SSR marker Satt385, may enhance the selection of low-phytate individuals in 
this population. 
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Table 4.3 : Allelic inheritance of upper and lower 5% of RIL for significant SSR 
marker associated with QTL for protein concentration in the population 
Danbaekkong x Cx1834-1-2 grown in 2004. 
SSR Markers and �inka1e GrouJ!} 
RIL Satt429(A2) Satt239(1) Satt441(K) SattS61(L) Protein 
(g kg-1) 
upper 5% Pi selection 
(%DW) 
50133 Dan/Dan Cx/Cx Cx/Cx Cx/Cx 497 
50134 Dan/Dan Cx/Cx Cx/Cx Cx/Cx 495 
50024 Dan/Dan Cx/Cx Dan/Dan Dan/Dan 494 
50138 Dan/Dan Cx/Cx Cx/Cx Cx/Cx 493 
50040 Dan/Dan Cx/Cx Dan/Dan Dan/Dan 491 
50130 Dan/Dan Cx/Cx Cx/Cx Cx/Cx 490 
50083 Cx/Cx Cx/Cx Cx/Cx Dan/Dan 489 
lower 5% Pi selection 
50068 Dan/Dan Cx/Cx Unavailable Cx/Cx 404 
50064 Dan/Dan Dan/Cx Cx/Cx Cx/Cx 435 
50053 Dan/Dan Cx/Cx Cx/Cx Cx/Cx 437 
50058 Cx/Cx Cx/Cx Dan/Cx Dan/Dan 438 
50031 Unavailable Unavailable Unavailable Unavailable 441 
50054 Dan/Dan Cx/Cx Cx/Cx Cx/Cx 441 
50070 Dan/Dan Dan/Dan Cx/Cx Cx/Cx 442 
Cx/Cx = Homozygous for Cx1834-1-2 allele, Dan/Dan = Homozygous for 
Danbaekkong allele, Dan/Cx = Heterozygous 
58 
Vi 
Table 4.4: Allelic inheritance of upper and lower 5% of RIL for significant SSR marker associated with QTL for Pi 
concentration in the population Danbaekkong x Cx1834-1-2 grown in 2004. 
SSR Markers and (Linkage Group) 
RIL Satt38S(Al) Satt23l(E) Satt239(1) Satt441(K) SattS6l(L) Pi (µg g-1) 
--------------------- upper 5% Pi selection ------------------
50059 Cx/Cx Dan/Dan Dan/Dan Dan/Dan Dan/Dan 1038 
50052 Cx/Cx Dan/Dan Dan/Dan Dan/Dan Dan/Dan 1033 
50032 Cx/Cx Dan/Dan Dan/Dan Dan/Dan Dan/Dan 1026 
50013 Dan/Dan Dan/Dan Unavailable Dan/Dan Dan/Dan 1002 
50051 Cx/Cx Dan/Dan Dan/Dan Dan/Dan Dan/Dan 971 
50067 Cx/Cx Dan/Dan Dan/Dan Dan/Dan Dan/Dan 945 
50023 Cx/Cx Dan/Dan Dan/Dan Dan/Dan Dan/Dan 927 
lower 5% Pi selection 
50089 Cx/Cx Cx/Cx Cx/Cx Dan/Cx Dan/Dan 397 
50091 Dan/Cx Cx/Cx Cx/Cx Dan/Cx Dan/Dan 403 
50070 Dan/Dan Dan/Dan Dan/Dan Cx/Cx Cx/Cx 404 
50037 Dan/Dan Cx/Cx Cx/Cx Cx/Cx Dan/Dan 409 
50048 Dan/Dan Cx/Cx Cx/Cx Dan/Cx Dan/Dan 412 
50049 Dan/Dan Cx/Cx Cx/Cx Dan/Cx Dan/Dan 418 
50092 Dan/Dan Dan/Dan Dan/Cx Cx/Cx Cx/Cx 422 
Cx/Cx = Homozygous for Cx1834-1-2 allele, Dan/Dan = Homozygous for Danbaekkong allele, Dan/Cx = Heterozygous 
However, data in Table 4.3 suggest that there is no discernable pattern or selectable 
molecular genotype for protein concentration in this population. The ability to select 
favorable alleles for higher protein concentration, while at the same time selecting 
individuals for low-phytate, would not be effective for this particular population. This 
may be due to the genetic background effect on Pi concentration, due to the high protein 
concentration, and/or the phenotypic correlation between PI and protein seed 
concentration. More research is needed to investigate the interaction between protein and 
phytate storage in soybean seeds. 
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Abstract 
The agronomic and seed quality traits of low phytate soybean lines has not yet been well 
established by breeders. The objectives of this study are to determine phenotypic 
correlations among seed phytate concentration and agronomic and seed quality traits, and 
to identify and evaluate the agronomic performance of low phytate recombinant inbred 
lines (RIL) of 5601T x Cx1834-1-2. The heritability estimate for Pi was high (h2 = 0.92), 
which indicates that selecting RIL with varying Pi phenotypes is readily accomplished in 
this population. We found low correlations between seed Pi concentration and maturity, 
height, lodging, seed yield, and seed protein and oil concentration (r = 0.07, 0.26, 0.09, 
0.05, 0.18, and 0.17, respectively). These low correlations indicate that a large 
population size will be necessary to enable breeders to select superior progeny in low 
phytate RIL populations. RIL 56Cx-332 had the highest Pi concentration (3122 µg t\ a 
moderate seed yield (79% of check cultivar '5002T'), and protein and oil concentrations 
of 442 g kt 1 and 180 g kg- 1 , respectively. The RIL 56Cx-318 was the highest yielding 
low phytate line in this population. This line had normal protein and oil concentrations, -
and a seed yield of 2976 kg ha- 1 (91 % of check cultivar ' 5601 T'). These data indicate 
that breeding with lines low in phytate concentration should not have major detrimental 
effects on seed yield and other agronomic and seed quality traits, but population size 
must be adequate for selection techniques to identify superior progeny which combine 
desirable traits. 
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Introduction 
S oybean [Glycine max (L.) Merr.] is a m aj or source fo r  consum able v eg etable p rotein 
and oil fo r  hum ans and liv estock thr oug hout the w orld. T he soybean m eal that is w idely 
used fo r  liv estock and anim al feed curr ently contains p hosp horu s  (P) m ostly stored as 
p hyt ate, a nutritionally unav ailable fo rm of P (Raboy, 2002). T he m anure fr om sw ine 
and p oultry p roduction, w hen land app lied, p rov ides non-p oint source P i  contam ination 
of g round w ater or fr eshw ater p onds, stream s, and estuaries. S uch contam ination can 
cause eu tr op hication in these ecosy stem s, w hich p rom otes alg al bloom p roduction and 
reduces av ailable oxyg en fo r  m acro organ ism s (Daniel et a l., 1994; Ert l et al., 1998). 
T herefo re, the dev elopm ent of soybean cultivar s w hich are low er in the allocation of 
p hosp horu s into p hy tic acid m ay help p rov ide m ore m ineral nutrients to g row ing 
m onog astric anim als w ithout the addition of p hy tase or p hosp hate supp lem ents, w hile at 
the sam e tim e  sav ing v aluable ecosy stem s  fr om becom ing inundated w ith non-p oint 
source P i  p ollution. 
W ilcox et al. (2000) successfu lly dev elop ed m utant soybean lines w ith --1.9 g kg- 1 of 
p hy tate P and -- 3.1 g kg- 1 of P i, comp ared to norm al conv entional soybean cultiv ars 
w hich had -- 4.3 g kg-1 ofp hy tate P a nd -- 0.7 g kt1 of P i. Cx1834-1-2 w as one of the 
lines dev elop ed by crossing A thow (W ilcox and Abbney, 1997) w ith the low p hy tate 
m utant M153- 1-4-6- 14. T his line, and its sister lines, hav e  been used by soybean 
breeders to incorp orate the hom ozyg ous phal and pha2 g enes into established breeding 
p op ulations fo r  g enetic analy sis and app lied cultiva r dev elopm ent. 
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The agronomic and seed quality traits of low phytate soybean lines has not yet been well 
established by breeders (Pantalone, personal communication). There has been a negative 
correlation with seedling emergence and low phytate lines established by Meis et al. 
(2003) and Oltmans et al. (2005), but few correlations with other agronomic traits have 
been reported. The objectives of this study are to determine phenotypic correlations 
among seed phytate concentration and agronomic and seed quality traits, and to identify 
and evaluate the agronomic performance of low phytate RIL. 
Materials and Methods 
Population Development and Experimental Field Procedures 
A low-phytate MG III germplasm, Cx1834-1-2, was developed by Dr. J.R. Wilcox of the 
USDA-ARS at Purdue University. Cx1834-1-2 was crossed with a high yielding MG V 
cultivar, '5601 T' (Pantalone et al., 2003) to form the RIL population for this study. The 
cross was made in the summer of 2000 at the Plant Science Unit of the East Tennessee 
Research and Education Center in Knoxville, TN. The F 1 seeds were harvested in the fall 
of 2000 and sent to Costa Rica for generation advancement to the F 5 stage via single seed 
decent (Fehr, 1991). The F4:5 single plants were grown at Knoxville, TN in the summer 
of 2002 for the development of a recombinant inbred .line (RIL) population, and 
approximately 700 F 4:5 single plants were harvested and sent to Costa Rica for seed 
increase. The F 5:1 seeds of the RIL were grown at the Plant Science or Holston Units of 
the East Tennessee Research and Education Center in Knoxville, TN in the summer of 
2003. Three hundred and thirteen 3.0m progeny rows, from the 5601 T x Cx1834-1-2 
population, were replicated three times at the Plant Science Unit, and three hundred and 
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sixty-nine 6. lm progeny rows were grown in a single replicate at the Holston Unit. 
There were 1 87 individual progeny rows randomly selected for this study from the 
population 5601 T x Cx 1 834- 1 -2 .  This RIL population of 1 87 progeny was divided into 
three groups in 2004, based on maturity observations made in 2003 . That population was 
planted in 2 row plots, 6. 1 Om long, in a replicated Randomized Complete Block Design 
(RCBD), in 2004 at three locations: the Plant Science Unit of the East Tennessee 
Research and Education Center in Knoxville, TN, the Research and Education Center at 
Milan, TN, and the Highland Rim Research and Education Center in Springfield, TN. 
Rows were end-trimmed to a length of 4.9m for harvesting with a two-row combine. 
The following phenotypic traits were measured in 2004 by observations in the field: 
flower color (purple, white, or segregating), maturity ( days from planting to physiological 
maturity), lodging (scored from 1 = erect to 5 = prostrate), seed yield (kg ha- 1), and plant 
height ( cm). 
Pi Concentration Analysis 
Inorganic phosphorous (Pi) concentrations were determined using a modified version of a 
colorimetric assay developed by Raboy et al. (2000) which was an adaptation of the assay 
described by Chen et al. ( 1 956). Approximately 30 g of soybean seeds, randomly chosen 
from seed harvested from progeny rows, were ground in a water-cooled Knifetec 1095 
Sample Mill (FOSS Tecator, S-26321 ,  Hogana, Sweden) for 20 s. This setting produced 
ground soybean seed powder with a uniform particle size. Approximately 1 00 mg of 
ground soybean powder was placed into a 1 .50 mL microcentrifuge tube for Pi 
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extraction, and the weight per sample was recorded for calculation of Pi on a dry weight 
(DW) basis. lmL (IOµL per mg of seed tissue) of the extraction buffer [12.5% 
trichloroacetic acid (TCA) and 25 mM MgCli] was added to each sample, vortexed, and 
allowed to incubate overnight (--16 hrs). The samples were then vortexed and allowed to 
settle for 5 min before aliquots of extraction solution were transferred to 96 well storage 
plates and then centrifuged at 3000 rpm for 3 minutes. 
Three l0µL subsamples were taken from each extraction sample and then tested in the 
same 96-well assay plate to obtain a mean estimate of Pi levels for each individual in the 
population. The IOµL subsamples were diluted into 90µL of ddH2O (1 00 µL total 
volume) were then mixed with 100 µL of Chen's Reagent, which consists of 1 volume 
6N H2SO4: 1 volume 0.02 M ammonium molybdate: 1 volume 10% ascorbic acid: 2 
volumes water (Chen et al., 1956). The reaction was allowed to proceed at ambient 
temperature for 1.0 hr, after which Pi concentrations were determined using a Bio-Tek 
PowerWave XS Microplate Spectrophotometer (BioTek Instruments, Winooski, VT) set 
at a wavelength of 882 nm. Eight standards, representing 0, 0.155, 0.465, 0.930, and 
1.395 µg of P, based on the atomic weight of P, were used to obtain a standard curve, 
from which sample concentrations were estimated. In addition to the five standards used_ 
by Raboy et al. (2000), standards representing 1.86, 2.32, and 2.64 µg P were also 
included. This made it possible to use the original sample dilution ratio ( 10 µL extract 
solution + 90 µL H2O) described by Raboy et al. (2000). 
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Protein, Oil, and Amino Acid Analyses 
Approximately 30 g of soybean seeds, randomly chosen from seed harvested from 
progeny rows, were ground in a water-cooled (25°C Knifetec 1 095 Sample Mill (FOSS 
Tecator, S-2632 1 ,  Hogana, Sweden) for 20 seconds. This setting produced ground 
soybean seed powder with a uniform particle size (Panthee, 2005). 
Protein, oil, and amino acid DW concentrations were obtained using a NIRS instrument 
(NIRS 6?09, FOSS North America). The instrument was warmed up for 2 h after turning 
on the lamp and auto diagnostics were run. Diagnostics tests ensured that the instrument 
passed three different tests for instrument response, wavelength accuracy, and NIRS 
repeatability. A room dehumidifier was used throughout the analysis, setting the humidity 
to 40%; room temperature was approximately 20°C. Ground soybean samples were 
scanned using Winisi II 1 .5 software. The instrument was left on for the entire period of 
analysis, and diagnostics were performed every day until scanning of all samples was 
completed. 
Data Analyses 
Heritability of the phenotypic traits in this population was estimated on entry mean basis 
(Nyquist, 1 99 1 )  as follows: 
2 
2 a, 
h 
= 2 (a!e ) (a 2
J 
a + - + -g e re 
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2 2 
where h2 represents the heritability, a g is genotypic variance, age is genotype x 
environment variance, a 
2 
is error variance, r is number of replications and e is the 
number of environments. The GLM procedure of SAS was used to estimate variance 
components for calculating heritability estimates. Phenotypic correlations were 
determined using the PROC CORR procedure in SAS v9.0 (SAS Institute, 2002). Mean 
phenotypic traits averaged across all replicates and locations were analyzed with the 
PROC MEANS procedure in SAS software v9.0 (SAS Institute, 2002). The PROC GLM 
procedure was also used to determine the analysis of variance for all traits, with location 
and replication as random blocking factors. 
Results and Discussion 
Descriptive statistics for the agronomic and seed quality traits for RIL measured in this 
study are presented in Table 5 . 1 .  Cx1 834- 1 -3 ,  a sister line of the parental line Cx1 834- 1 -
2 ,  was used as a check line in this field study in 2004 (due to seed availability). 
Heritability was estimated for each trait on an entry means basis (Table 5 . 1  ). These data 
show that there is a wide array of segregation among agronomic and seed quality traits in 
this population, and that the RIL are suitable for distinguishing significant difference in 
mean trait values, thus enabling estimation of genetic and phenotypic effects. The 
heritability estimates for seed Pi, protein, and oil concentration, 0.97, 0.95, and 0.95 
respectively, show that a great extent of the phenotypic variation in these traits is due to 
the genetic makeup inherited from the parental lines, and that selection for varying 
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Table 5.1 : Descriptive statistics for agronomic and seed quality traits in 187 RIL 
from the cross 5601T x Cx1834-1-2, averaged over 3 replications and 3 
environments in 2004 
Trait 
Yield (kg·ha-1) 
Height (cm) 
Lodgingt 
Maturity (days) 
Pi (µg g·1) 
Protein (g kg-1) 
Oil (g kg-1) 
Min. Mean 
1363 2372 
23.4 33.4 
1 .3 1 .9 
251 266 
348 788 
391 426 
149 177 
Max. 
3178 
45.2 
3.6 
289 
3123 
465 
198 
Std. Dev. 
5.3 
4.9 
0.5 
7.0 
650 
17.3 
11.1 
5601T 
3251 
33.5 
1 .5 
278 
394 
412 
180 
Cx1834-1-3 
1236 
23.9 
1 .8 
251 
3137 
437 
182 
t Lodging scored from 1 to 5 scale, 1 = all plants erect and 5 = all plants prostrate 
i Heritability on an entry mean basis 
0.49 
0.89 
0.77 
0.72 
0.97 
0.95 
0.95 
phenotypes of these traits, in this population, should be readily accomplished. The 
protein a�d oil heritability estimates are higher than those reported by Burton ( 1987), 
which are from several populations, but grown at only one environment. The relatively 
moderate heritability estimate for yield shows that environmental factors are as important 
as genetic factors for seed yield production and that these effects must be considered 
when developing appropriate selection techniques. The heritability estimate for Pi is very 
high, which indicates that selecting RIL with varying Pi phenotypes is readily 
accomplished and provides a simple selection opportunity to identify low phytate lines. 
Soil composition characteristics were analyzed in each of the field blocks used to 
replicate RIL. There were significant correlations (p < 0.05) in mean Pi concentration of 
RIL in field blocks for soil phosphorous, potassium, iron, zinc, and organic matter (Table 
5.2). The strongest relationship was with soil organic matter (R2 = 39.5). The significant 
difference in Pi concentration, due to soil P, may explain the strong correlation between 
soil P, and other soil constituents, and seed phytate concentration (Raboy and Dickson, 
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Table 5.2: Correlation analysis for soybean seed Pi and various soil 
characteristics in field blocks 
Soil Characteristic Extraction Method p R2 
% 
Potassium Mehlich I 0.026 18.1 
Phosphorous Mehlich III 0.015 22.4 
Potassium Mehlich III 0.026 18.2 
Iron Mehlich III 0.018 33.7 
Zinc Mehlich III 0.037 16.1 
Soil Organic Matter Mehlich ill 0.0004 39.5 
1993). Raboy and Dickson (1993) found that essentially all variation in total seed P is 
found as variation in seed phytate. They also showed no correlation with seed Pi 
concentration. Hence, the significant relationship found between seed Pi and soil P 
availability may be due to the wide range of seed phytate concentrations found in this 
population. 
The frequency distributions for seed oil and protein concentration and seed yield are 
given in Figures 5.1, 5.2, and 5.3. The distribution for seed protein and oil concentration 
show that the mean value for these traits lies between the two parental lines, and there are 
transgressive segregants, i.e. RIL with concentration values that are above and below the 
parental lines concentration values. 5601 T had mean seed protein and oil concentration 
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Figure 5.1 : Frequency distribution for seed oil concentration in 187 RIL from the 
cross 5601 T x Cx1834-1-2, averaged over 3 replications and 3 
environments in 2004 
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Figure 5.2: Frequency distribution for seed protein concentration in 187 RIL from 
the cross 5601T x Cx1834-1-2, averaged over 3 replications and 3 
environments in 2004 
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Figure 5.3: Frequency distribution for seed yield in 187 RIL from the cross 56 01 T x 
Cx1834-1-2 ,  averaged over 3 replications and 3 environments in 2 004 
values of 412 g ki 1 and 1�0 g ki 1 (Table 5.1), respectively, and Cx1834-1-2 had seed 
protein and oil concentration values of 446 g kg· 1 and 163 g kg· 1 , respectively. The mean 
seed yield for 5601T and the parental sister line, Cx1834-l-3, was 3251 kg ha· 1 and 1236 
kg ha· 1, respectively, and the mean for the RIL seed yield was 23 72 (Table 5 .1 ), but there 
were no RIL which were higher yielding than 5601 T. This may suggest that further 
breeding efforts are needed to develop a low phytate donor parent which is agronomicaly 
superior to Cx1834-1-2 to enable selection of higher yielding lines in RIL populations. 
Moreover, a larger population size may increase chances of developing RIL with a 
higher yield than that of the parents. 
Phenotypic correlation coefficients for agronomic and seed quality traits are given in 
Table 5.3. The data show low correlations with seed Pi concentration for maturity, 
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Table 5.3 : Phenotypic correlation coefficients among agronomic and seed quality 
traits in 187 RIL from the cross 5601 T x Cx1834-1-2, grown in 3 
replications and 3 environments in 2004 
Trait 
Maturity 
Height 
Lodging 
Yield 
Pi 
Protein 
Height Lodging Yield 
0.35*** NS 0.34*** 
0.23*** 0.32*** 
NS 
Pi Protein 
0.07 ** -0.22*** 
0.26*** -0.23*** 
0.09** NS 
-0.05* -0.08** 
-0.18*** 
NS = Not significant; *,**,*** = Significant at .OS, 0.01, and 0.0001 probability levels 
Oil 
0.22*** 
0.29*** 
NS 
0.1 1 *** 
0.17*** 
-0.83*** 
height, lodging, seed yield, and seed protein and oil concentration (r = 0.07, 0.26, 0.09, 
0.05, 0. 18, and 0. 17, respectively). The coefficients were positive for height, lodging, 
and maturity, showing that when seed Pi concentration is raised (phytate lowered) there 
may be an unseen selection pressure for these traits� Conversely, correlation coefficients 
for Pi and protein and oil concentration are negative, which may indicate that raising seed 
Pi concentration will lower seed protein and seed oil concentrations. Although these 
correlations are significant they are low correlations, which indicate that an adequately 
large population size may enable breeders to overcome the weak correlations and select 
superior progeny in -low phytate RIL populations. 
The strong negative correlation (r = 0.83) between seed oil and protein concentration 
observed in this population is given in Table 5.3, and illustrated in Figure 5 .4. This 
relationship is a major obstacle for breeders interested in breeding high protein and oil 
lines, and has been reported previously (Burton, 1987; Hyten 2004). The ability to select 
RIL for high protein and high oil is hindered by this correlation. 
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Figure 5.4: Relationship between seed protein and oil concentration in 187 RIL 
from the cross 5601T x Cx1834-1-2, averaged over 3 replications and 3 
environments in 2004 
The ability to select low phytate lines for high yield is also of major concern to soybean 
breeders (Pantalone personal communication). There was a significant negative 
correlation between seed Pi concentration and seed yield (Table 5.3), but the correlation 
was extremely weak (r = 0.05), and may have been partly due to the seedling emergence 
versus seed Pi concentration correlation reported in Meis et al. (2003) and Oltmans et al. 
(2005). Although there is a significant negative correlation between seed Pi and seed 
yield, the ability to select high yielding low phytate RIL seems �ot to be hindered in this 
population (Figure 5.5). The data may indicate that breeding with lines low in phytate 
concentration should not have major detrimental effects on seed yield, but population size 
must be adequate for selection techniques to be successful. 
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Fi�ure 5.5: Relationship between seed Pi concentration and seed yield in 187 RIL 
from the cross 56 01 T x Cx1834-1-2 ,  averaged over 3 replications and 3 
environments in 2 004 
Table 5 .4 shows the RIL which are highest in Pi (lowest in phytate) and highest in seed 
yield, averaged over three replications and three locations, based on a 5 % selection 
criterion. The data show that the RIL 56Cx-332 has the highest Pi concentration (3122 
µg g-1), a moderate yield (79% of check cultivar 5002T), and favorable protein and oil 
concentrations of 442 g kt1 and 180 g kt1 , respectively. The protein and oil 
concentrations for this RIL are interesting because we have captured a low phytate, high 
protein line with normal oil concentration. The maturity for this line was 267 .1  days, 
which may suggest that it would be a 4.0 - 4.5 MG line, which may be suitable for the 
growing conditions in Tennessee. The RIL 56Cx-318 was the highest yielding low 
phytate line in this population (Table 5.4). This line had normal protein and oil 
concentrations, and matured in 273.5 days, which may suggest that it would be a 4.5 -
5.0 MG line, which may also be suitable for Tennessee. This line had a seed yield of 
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Table 5.4 : Agronomic and seed quality traits for a 5% selection intensity (high Pi 
Genotype 
56Cx-332 
56Cx-316 
56Cx-314 
56Cx-318 
56Cx-670 
56Cx-555 
56Cx-692 
56Cx-741 
56Cx-617 
56Cx-666 
56Cx-548 
56Cx-586 
56Cx-647 
56Cx-441 
56Cx-526 
56Cx-318 
56Cx-577 
56Cx-527 
56Cx-390 
5601T 
5002T 
Macon 
K4602N 
Cx1834-1-3 
LSDco.05) 
and seed yield) of 187 RIL, and check cultivars, from the cross 5601 T x 
Cx1834-1-2, averaged over 3 replications and 3 environments in 2004 
Maturity Height Lodgingt 
{d•I•} {cm} 
5o/o selection for 
high Pi 
267.1 40.0 2.0 
267.6 38.2 1 .7 
268.0 35.9 1.6 
273.5 39.7 1 .5 
273.4 39.7 2.0 
264.4 34.3 2.4 
252.7 29.2 2.4 
278.3 42.0 2.8 
266.9 35.5 2.5 
270.0 38.3 2.2 
5o/o selection for 
high Yield 
271.3 33.0 2.1 
276.0 35.0 1 .9 
286.0 27.3 1 .8 
265.9 25.2 1.8 
271 .3 39.3 2.4 
273.5 39.7 1.5 
278.3 45.2 2.3 
269.3 37.6 1 .9 
271.1 39.7 2.7 
Check Cultivars 
277.8 33.5 1 .5 
275.3 29.5 1 .9 
255.7 27.6 1 .8 
265.9 31.2 1 .7 
251.0 23.9 1 .8 
6.3 1 .6 0.30 
Yield 
(kl laa-1} 
2714.4 
2655.3 
2629.5 
2976.6 
2624.3 
1829.6 
1720.1 
2698.4 
2200.5 
2317.0 
3177.1 
3093.0 
3076.0 
3024.5 
2996.3 
2976.6 
2972.6 
2968.5 
2933.1 
3252.1 
3415.7 
2356.5 
3360.3 
1233.4 
302.3 
Pi 
(J&g g•} 
3122.7 
2922.7 
2915.3 
2819.0 
2793.2 
2638.6 
2628.1 
2625.4 
2609.5 
2554.1 
499.6 
1 133.7 
448.1 
447.6 
901 .7 
2819.0 
869.4 
461 .3 
400.0 
394.3 
385.7 
431 .6 
382.7 
3137.2 
71.0 
Protein Oil 
{g lqf1} {g k
&-1} 
442 180 
440 166 
433 168 
409 181 
423 198 
403 186 
403 179 
415 198 
406 184 
399 192 
456 155 
416 180 
391 194 
406 188 
412 185 
409 181 
429 180 
405 198 
450 162 
412 180 
397 195 
398 201 
402 200 
437 182 
5.2 2.9 
t Lodging scored from 1 to 5 scale, 1 = all plants erect and 5 = all plants prostrate 
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2976 kg ha·1 (91 % of check cultivar 5601 T). The highest yielding RIL was 56Cx-548, 
which had a normal phytate concentration, but an above average protein concentration of 
456 g ki1 (Table 5.4). The second highest yielding line, 56Cx-586, had an above 
average Pi concentration (1133 µg i\ but was not considered to be a low phytate 
individual. The data show that the two RIL, 56CX-332 and 56Cx-318 may have potential 
in breeding programs for low phytate population development and this may warrant 
thoughtful consideration for gennplasm release or to strengthen U.S. low phytate 
breeding programs. 
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PART 6 
Conclusion and Future Research 
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In conclusion, we have confirmed Satt237 and Satt561 to be significantly associated with 
QTL for seed phytate (p <.0001). Satt237 was considered a major QTL (R2 > 0.10) 
governing the low phytate trait, and Satt561 was considered a minor QTL (R2 < 0.10) in 
both populations (5601T x Cx1834-1-2 and S97-1688 x Cx1834-1-2). Although MAS 
selection with either or both SSR markers was effective in lowering the mean phytate 
levels in the selected progeny groups, phenotypic selection was found to be more cost 
efficient and effective in lowering mean phytate levels in selected progeny groups. 
This study found four quantitative trait loci {QTL) significantly associated with SSR 
markers for seed protein concentration in the Danbaekkong x Cx 1834-1-2 population. 
Markers Satt429 and Satt239 were found to be minor loci controlling protein 
concentration (R2 = 5.2 % and 7. 1 %), respectively. Markers Satt441 and Satt561 were 
found to be major loci controlling protein concentration (R2 = 10.1 % and 14.5 %), 
respectively. This study also found five QTL significantly associated with Pi seed 
concentration in this population. Markers Satt385, Sattt239, Satt441, and Satt561 were 
all found to be major loci controlling Pi seed concentration in this population (R2 = 21.2 
%, 23.1 %, 24.6 %, and 11.8 %), respectively. Marker Satt231 was found to be a minor 
locus controlling Pi seed concentration (R2 = 5.1 %). Dual marker assisted selection for 
seed protein and phytate concentration is not recommended in this population because of 
the inability of molecular data to predict the superior phenotype (low phytate, high 
protein) for both traits simultaneously. 
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The ·hent�bility estimate for Pi was high (h2 = .92), which indicates that selecting RIL 
with varying Pi phenotypes is readily accomplished in the 5601T x Cx1834-1-2 
population. We found low correlations between seed Pi concentration and maturity, 
height, lodging, seed yield, and seed protein and oil concentration (r = 0.07, 0.26, 0.09, 
0.05, 0.18, and 0.17, respectively). These low correlations indicate that a large 
population size will readily enable breeders to select superior progeny in low phytate RIL 
populations. 
RIL 56Cx-332 had the highest Pi concentration (3122 µg g-1), a moderate seed yield 
(79% of check cultivar '5002T'), and protein and oil concentrations of 442 g kg- 1 and 180 
g kg- 1 , respectively. The RIL 56Cx-318 was the highest yielding low phytate line in this 
,. population. This line had normal protein and oil concentrations, and a seed yield of 2976 
kg ha- 1 (91 % of check cultivar ' 5601 T'). These data indicate that breeding with lines low 
in phytate concentration should not have major detrimental effects on seed yield and 
other agronomic and seed quality traits, but population size must be adequate for 
selection techniques to identify superior progeny -which combine desirable traits. 
Future rese3!ch may include germination and seedling emergence experiments for low 
phytate RIL in all populations. The data from this experiment would help guide the U. T. 
breeding program in selection of RIL for gemplasm release and continual breeding. The 
correlation between low phytate and seedling emergence is currently the most deleterious 
effect on agronomic performance, and must be adequately addressed in breeding 
populations. 
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More genetic analysis of QTL controlling phytate in soybean is also needed. This may be 
accomplished by a genetic mapping study, using the populations in this study. SSR 
marker Satt3 85 was found to be a major locus associated with Pi concentration in the 
Danbaekkong x Cx1834-1-2 population. This marker should be analyzed in the other two 
populations for confirmation and mapping of this QTL. 
The RIL selected from the 5601T x Cx1834-1-2 population, 56Cx-318 and 56Cx-332, 
were the most promising lines to advance in this population. These two RIL may be 
useful for backcrossing to 5601 T to achieve more desirable agronomic traits. These lines 
may also be suited for crossing in development of new RIL populations, segregating for 
phytate concentration, for additional selection and cultivar development. 
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